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Abstract

Poly(vinyl alcohol) (PVA) is a well known biocompatible synthetic polymer.
PVA is not cell compatible due to its high hydrophilicity. As prepared by electrospinning
in the form of nanofibers, it is unstable in aqueous environments including cell culture
media. For tissue regeneration applications, this study demonstrates the use of PVA
scaffold utilizing electrospun nanofibers with aqueous stability and cell compatibility
toward creating biomaterial-tissue hybrid based medical devices. Two different
approaches: heat treatment and ion beam treatment were developed to improve aqueous
stability and promote cell compatibility for PVA fibers. Using a thermal annealing
method at elevated temperatures, the fibers became stable in water. This observation
correlated closely to the change in the crystallinity of PVA. Elastic moduli of individual
fibers were determined using a multi-points bending approach by atomic force
microscopy. Elastic moduli of as-spun PVA fibers were determined to be a function of
fiber diameter and humidity. Significant changes in the elastic modulus of the modified
PVA fibers were also observed. To improve the cell compatibility, low energy N+ and
He+ ion beams were used to introduce amine and carbonyl functional groups. Cell
compatibility was assessed in vitro using primary human skin fibroblasts (hsF). Confocal
microscopy confirmed the adhesion and proliferation of hsF on both the random and
aligned PVA fibers after the ion beam treatment, while cells failed to adhere to the
untreated fibers. Cell morphology was observed to align and elongate along the fiber axis
on aligned PVA fibers. After 10 days of proliferation, cells were found to form confluent
layers and even multiple layers on the N+treated fibers. Cell proliferation depends on ion
species, ion dose and fiber alignment. With the two post-processing treatments, PVA
fibrous scaffold showed the potential to become biomaterial-tissue hybrid based medical
devices for tissue regeneration applications.

Keywords: Electrospun Polymer Fiber; Poly(vinyl alcohol); Ion Implantation; Thermal
Annealing; Surface Morphology; Nanomechanical Measurement; Elastic Modulus;
Aqueous Stability; Fibroblast; Cell Compatibility
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Chapter 1 Introduction
Poly(vinyl alcohol) (PVA) is a well known Food and Drug Administration
approved biocompatible polymer [1, 2] with good thermal stability and chemical
resistance. It has been successfully used for medical devices in the form of hydrogel for
artificial heart valves [3] and load-bearing cartilage [4]. For tissue regeneration
applications, PVA is seldom considered as the material of choice to fabricate scaffold.
Because of its high hydrophilicity, PVA inhibits cell adhesion, viability and growth [5].
There have been continuing efforts to impart cell compatibility to PVA using different
approaches, such as surface functionalization [5-11], blending [8, 12-19], forming
composites [20] and surface coating [21] with different bioactive macromolecules. For
some targeted tissue regeneration applications such as skin [22], ear drum [23], vascular
[14], bladder [24] nerve [25] and bone [26], a scaffold with cell compatibility is required.
The currently accepted dogma in tissue regeneration is that the scaffold should be
biodegradable and ideally, it should degrade without non-toxic byproducts and at a rate
similar to tissue formation. PVA is not degradable in a physiological environment, and
has a limited use in the research community for tissue regeneration applications [27].
There have been some recent efforts to make degradable PVA via chemical
functionalization [28]. However, Cahn et al. [29] reported the benefit of using a non
degradable, cell-compatible scaffold (e.g. polyester fiber mesh) in a rather unique skin re
construction application. When compared with a degradable counterpart, it provided
better long-term results in term of stabilizing the interface as well as transferring the
mechanical stress between tissue and device. This study also showed that there was no
significant difference in foreign body response and tissue regeneration. Therefore,
Cascone et al. [30] proposed a concept of creating biomaterial-tissue hybrid based
medical devices based on non-degradable, cell-compatible PVA scaffold. This concept
has been applied to cartilage [1, 31, 32], cornea [33, 34], as well as vascular [14]
regenerations.
Three-dimensional (3D) nanofibrous scaffolds, consist of fibers with diameters
less than 500 nm [35] that are fabricated by the electrospinning technique, have many of
the desired properties and much potential in tissue regeneration/tissue repair applications.

2
Compared to microporous and microfibrous scaffolds [36], nanofibrous scaffolds are
considered to be more suitable for tissue regeneration applications because they (1)
mimic the fibrous structure of the native extracellular matrix (ECM), (2) provide a high
surface area to volume ratio for cell adhesion, as well as (3) display high porosity and
pore-interconnectivity to allow cell migration into the scaffold [37] and the flow of
nutrients and fluids into and metabolites out of the scaffold.
Electrospinning [38] is a simple but versatile technique capable of producing 3D
non-woven fibrous scaffolds consisting of nanometer (< 500 nm) sized fibers made from
a wide variety of synthetic and natural polymers [39] including proteins and
polysaccharides [40] for applications such as protective clothing [41], membranes [42],
wound dressings [43], drug delivery systems [44] and scaffold for tissue regeneration
[45], Electrospun nanofibrous scaffolds are particularly distinguished due to their high
surface area to volume ratio and interconnected porous network. Electrospinning has
become the method of choice in fabricating scaffolds for tissue regeneration applications
[36, 46]. In addition, fibrous scaffolds can be electrospun with controlled alignment to
closely mimic the organized structure of the extracellular matrix (ECM) [47, 48],
PVA is a hydrophilic polymer, and it readily dissolves in water. Indeed, water can
be used as a solvent to prepare a PVA solution for electrospinning to fabricate nanofibers.
To maintain the nanofiber geometry for biomedical applications in aqueous and cell
culture media environments, they have to be stabilized. PVA can be chemically crosslinked using glutaraldehyde [49, 50], radiation [51, 52], or physically crosslinked by
ffeezing/thawing processes [53] to achieve good aqueous stability for medical device
applications such as artificial meniscus [1], heart valves [3] and wound dressings [54],
For electrospun PVA nanofibers, glutaraldehyde vapor [15, 16] and methanol [55, 56]
have been shown to be suitable post-processing agents for their aqueous stability, but the
morphological features of the electrospun fibrous scaffolds are largely lost. In addition,
their chemical properties are altered due to the crosslinking reactions. Water stable PVA
hydrogels have been prepared by a thermal cycling process. Control of their stability and
mechanical properties has been attributed to an increase in the polymer crystallinity [57
59] as a function of the number of thermal cycles. For macroscopic PVA samples,
thermal annealing has been reported to increase the degree of crystallinity without
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changing its chemical structure [60, 61]. We hypothesize that annealing will lead to an
increase in crystallinity of electrospun PVA fibers. This should then result in an increase
in their aqueous stability and a concurrent improvement in the fiber mechanical
properties.
Ion implantation is a well-established technique in the materials processing
industry, largely because of its controllability, homogeneity, high “dopant” purity and
reproducibility. In this process, specific ionic species are electrostatically accelerated to
high speeds and incorporated directly into the superficial layers of a sample. Shallow
layers can be implanted with high doping gradients, allowing near-surface intrinsic
modification while preserving the structure and characteristic of the bulk material.
Choosing implantation parameters such as ion species, energy, current and dose allows us
to selectively modify tribological [62], chemical [63] and physical properties [64] of the
material surface. For temperature-sensitive polymers, the ability to control these
treatment parameters becomes more critical as excessive energy deposition could cause
permanent damage [65, 66], Broad-energy (non-monochromatic) ion beam implantation
is often used because it provides a wider range of ion doping depths, thus distributing
energy over a greater depth range and minimizing thermal damage [67], This approach is
commonly used for improving surface mechanical properties of bulk polymer materials
(e.g., for surface hardening [68-70]). For a tissue regeneration scaffold, the ability to
tailor its stiffness to mimic the natural environment can induce cell adhesion [71, 72], On
the other hand, the characteristics of the surface chemistry of a scaffold will mediate the
adsorption of biologic molecules (e.g. cell adhesion proteins [73]) that regulate cell
activities, such as adhesion, migration and proliferation. For instance, implantation of
helium ions results in drastic alteration of the cell adhesion properties on polypropylene
and polytetrafluoroethlyene [74], Incorporating nitrogen via nitrogen ion implantation
near the surface of certain synthetic polymer scaffolds can form specific nitrogencontaining functional groups (e.g. amine or amide) that enhance the attachment of
proteins and cells [75, 76]. Therefore, ion beam treatment is a convenient method to tailor
both the mechanical and chemical properties of polymer surfaces for specific applications.
Of particular interest is the potential ability to alter the cell adhesion properties of PVA
fibrous scaffold by implantation of specific ion species, nitrogen and helium. The ability
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to modify the mechanical properties of PVA fibers using ion beam treatment is also
examined.
This thesis aims at developing a stabilized, cell compatible PVA-based fibrous
scaffold for tissue regeneration/tissue repair applications (e.g. skin and tympanic
membrane).
There are five primary objectives:
(1)

To fabricate PVA fibrous scaffolds consisting of random or aligned nanometer
size fibers via electrospinning;

(2)

To stabilize scaffolds in an aqueous environment using thermal annealing while
preserving the fibrous morphology;

(3)

To modify the surface chemical properties of the scaffold under controlled
conditions using N+ and He+ ion beam implantation;

(4)

To characterize the effect of the thermal annealing and ion beam modification in
terms of aqueous stability, mechanical properties and chemical properties of the
fibers; and

(5)

To evaluate the in-vitro cell compatibility of the modified PVA scaffold for tissue
regeneration applications.

This thesis is organized in the following way. Chapter 2 is a literature review
which provides the background on the major components of this thesis: electrospinning,
nano-mechanical measurements, post-processing modifications and cell compatibility of
PVA nanofibers. Implications of the results for biomedical applications of PVA
nanofibers will also be reviewed. Chapter 3 describes the principles and experimental
details of the techniques used in this thesis for the fabrication, modification and
characterization of the PVA fibers. The procedure for in vitro cell compatibility tests will
also be included. In Chapter 4, results of the work performed to achieve the objectives of
this thesis are presented. These include: optimizing the electrospinning process
parameters for fabricating PVA fibers of < 500 nm diameters; the role of fiber diameter
and humidity on the mechanical properties of as-spun PVA fibers; the use of a thermal
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annealing to improve aqueous stability and enhance mechanical properties of the PVA
fibers; the change in crystallinity of the fibers as a function of annealing condition as
determined by Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction
(XRD); mechanical properties of individual PVA fibers prior to, and following, annealing
as determined by an atomic force microscopy (AFM) multi-point bending test; N+ and
He+ ion beam treatment to modify the mechanical and chemical properties of PVA fibers
and their single fiber mechanical properties by AFM; characterization of the ion beam
modified fibers using X-ray Photoelectron Spectroscopy (XPS). Finally, results of the
study on the response of primary human skin fibroblasts in-vitro on the modified PVA
fiber scaffold in terms of the biological parameters including cellular attachment,
morphology and proliferation as a function of implanted ion species and ion dosage will
be presented. A comparison of the effect of fiber orientation on the fibroblasts attachment
and orientation is also included. Chapter 5 is a discussion of the results presented in
Chapter 4 and their implication and relevance in terms of possible biomedical
applications. In the final chapter, Chapter 6, we summarize the work done, identify the
main results and present the conclusions. Suggestions for future work will also be
included.
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Chapter 2 Background and Literature Review
2.1 Electrospinning
In 1934, Formhals invented the electrospinning process [38, 77, 78]. The original
experimental setup was developed strictly for production of polymer filaments using
electrostatic force. It has since been modified to spin fibers from many kinds of synthetic
[79] and natural polymers including proteins [40] and polysaccharides [80, 81]. A
standard electrospinning setup consists of a high voltage power supply, a syringe with a
metallic needle, a syringe pump, and a metal (or any electrically conductive material)
collector, as illustrated in Figure 2.1a. A polymer solution is made by either dissolving
one polymer or two polymers [16, 82] in a solvent. The solution is loaded into the syringe
and fed through the needle at a controlled flow rate using the syringe pump. At the tip of
the needle, the polymer fluid is held by its own surface tension. The polymer fluid passes
through several steps before it solidifies while it travels in air and forms fibers on the
collector as illustrated in Figure 2.1b; 1) The electric field induces a charge on the surface
of the polymer fluid, this forms a repulsive force in direction opposite to the action of the
surface tension [83]. 2) There is a threshold value for the electric field to create the
repulsive force to overcome cohesion. Below the threshold, the hemispherical surface of
the fluid at the tip of the capillary tube elongates to form a conical shape known as the
Taylor cone [84], Above the threshold, a jet of charged polymer fluid is ejected from the
tip of the Taylor cone. An electric potential above the threshold value applied to the
system changes the diameter of this ‘true’ tip is one of the process parameters (e.g., tipto-collector distance and solution feeding rate) to define the size of the polymer fibers. 3)
The solvent evaporates when the polymer fluid jet travels through air, the jet undergoes a
whipping process [85], and produces a charged polymer fiber, which grounds and lays
itself randomly on the collector surface. All fibers and fibrous mats/scaffolds used in this
thesis are produced by the electrospinning technique.
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Figure 2.1. (a) Schematic drawing of an electrospinning setup, (b) the process of
electrospinning at the tip of a needle.

2.1.1 Design of the Fiber Collector
Generally, a simple stationary collector can only collect electrospun fibers in
random orientation. To collect and organize fibers into a fibrous mat with controllable
architecture, a number of different approaches are being used by various research groups.
Li et al. [47] demonstrated the use of a stationary collector with two parallel conductive
strips (electrodes) separated by a void gap. As shown in Figure 2.2a, this method collects
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and aligns the fibers into an uniaxial array across the gap. Multi-layers of complex
hierarchically aligned fiber mats are also achieved by using four (Figure 2.2b) or six
(Figure 2.2c) electrodes, patterned with alternating grounding of the electrodes in pairs.
This concept of multiple electrodes is further extended by Zhang et al., who demonstrated
a static method to fabricate 3D fibrous tubes with controllable fiber-patterned
architectures [48],

Figure 2.2. Stationary electrospinning collectors based on (a) two parallel, (b) four and
(c) six electrodes for fabricating uniaxially aligned fibers (Adapted from [47]).

Instead of using an electrode configuration to control fiber orientation, some
basic mechanical approaches are based on a rotating mandrel [86, 87], disk [88] or wire
framed drum [89], These yield 3D fibrous scaffolds, as shown in Figure 2.3a to c,
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respectively. Since this mechanism is based on rolling the continuous fibers together to
form a tube, the fiber orientation depends on the rotating speed of the collector. Perfect
fiber alignment is rarely achieved due to the instabilities of the polymer jet [85] and the
velocity mismatch between the whipping jet and the rotating collector. Alternatively, a
fibrous scaffold consisting of aligned continuous fiber yams (instead of continuous fibers
to obtain greater control in fiber alignment) was demonstrated by Wang et al. [90], Their
self-bundling electrospinning method collects continuous fiber yams using a grounded
needle tip in front of the rotating collector to induce fiber self-bundling at the beginning
of electrospinning process.

Figure 2.3. Rotating electrospinning collector based on (a) mandrel, (b) disk and (c)
wire-framed drum for fabricating aligned fibers (Adapted from [86-89]).

2.1.2 Functional Fiber Structures
This thesis focuses on electrospinning of homogenous solid fibers from a
homogenous polymer solution and a conventional polymer solution feeding setup (single
syringe/needle), as illustrated in Figure 2.4a. In order to specify the functionality and
increase the efficiency of the fibers, a number of different approaches are being
implemented by various research groups to fabricate fibers with different structures such
as composite fibers, porous fibers, hollow fibers (tubes) and core-shell coaxial fibers
using electrospinning. To enhance the mechanical properties of the fiber, bacterial
cellulose fibril [91] or carbon nanotubes [56, 92-98] are blended into the polymer
solution, as illustrated in Figure 2.4b, to reinforce the polymer matrix. Alternatively, the
composite fibers can be filled with metal nanoparticles for wound dressings [99, 100] and
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sensors [101, 102]. Some research groups showed that the surface area of the electrospun
solid fibers can be increased using a thermally induced phase separation method [103] or
a selective dissolution technique [104] to form highly porous fibers. To obtain more
complex structures like core-shell coaxial fibers or hollow fibers, some changes in the
polymer solution feeding setup are required. Figure 2.4c shows a schematic drawing of a
spinneret for coaxial extrusion of two fluids, which is used for coaxial electrospinning
[105-107], For applications such as sensor array, membrane for selective separation and
catalysis, hollow fibers are more effective than solid fibers. The spinneret consists of
concentric inner and outer tubes where two immiscible fluids are introduced at different
rates. Li et al. showed that using a controlled phase separation method between
poly(vinyl pyrroli-done) (shell) and tetraethyl orthosilicate (core) allows the coaxial
electrospun fibers to form hollow fibers (nanotubes) [108]. A simpler approach is also
successfully implemented to make hollow fibers using tetraethyl orthosilicate (shell) with
a fast evaporated olive oil or glycerin (core) [109]. For biomedical applications,
lysozymes [110], proteins [111], viruses [112] and drugs [113] have been successfully
encapsulated in polymer-based core-shell fibers using the coaxial electrospinning method
for controlled release. Jayasinghe et al. extend this method to fabricate biologically viable
3D scaffolds by encapsulating living aorta smooth muscle cells in poly(dimethyl siloxane)
[114, 115],

Figure 2.4. Schematic drawing of the polymer solution feeding setup for (a) solid fibers,
(b) composite fibers and (c) coaxial electrospinning.

11

2.1.3 Production Rates of Electrospun Fibers
It is well established that the fiber production rates are very low for the
conventional single syringe/needle electrospinning setup (Figure 2.5a). The solution feed
rate through the single nozzle setup is typically limited to between 0.1 to 1.0 mL/h. Thus,
the amount of fiber mat fabricated per hour cannot be adequate for mass production and
commercialization. Therefore, various research groups actively pursue alternative designs
to increase the number of nozzles in order to increase the fiber production rate. By
packing multiple nozzles in an array, as shown in Figure 2.5b, the fiber production rate
can be increased several times. But theoretical studies and experimental observations
[116-120] show that the separation distance between the nozzles has a significant effect
on the Coulombic interaction and the subsequent spinning path of individual charged jets.
There is a minimum inter-nozzle distance in order to obtain fiber mats with reasonable
uniformity in fiber diameter and morphology. Different varieties of multi-nozzle system
have been successfully tested to increase fiber production rates in electrospinning. Xin et
al. demonstrated a needleless electrospinning approach using a cone-shape nozzle made
from a copper wire coil (Figure 2.5c) [121], Liu et al. applied air bubbles from the bottom
of the polymer solution reservoir to induce bubble cones on the surface of polymer
solution, each cone acts as the equivalent to the Taylor cone from a nozzle in traditional
electrospinning (Figure 2.5d) [122], Reneker et al. obtained multiple jets based on a
porous hollow tube setup (Figure 2.5e) [123, 124], Lastly, Lukas et al. demonstrated self
organized jets from a free liquid surface using a high speed rotating mandrel (Figure 2.5f)
[125],
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Figure 2.5. Different multi-nozzle designs for multiple jets electrospinning (Adapted
from [116, 121, 122, 124, 125]).

2.1.4 Materials for Electrospinning
Electrospinning is a versatile technique, capable of producing fiber mats from a
wide range of synthetic polymers. These include poly(Z,-lactic acid) [126], poly(D,Zlactic-co-glycolic acid) [127, 128], polystyrene [129], polyurethane [43, 130, 131] and
polyamide (nylon) [132, 133]. Natural polymers, both proteins and polysaccharides, can
also be electrospun. Examples include type I collagen from calf skin [40, 134], type I and
type III collagen from human placenta [135], chitosan [80, 136, 137], hyaluronic acid
[138, 139], elastin [40], gelatin [40, 140], human tropoelastin [40], dragline silk protein
from N.c/avipes spiders [141] and silk protein from silk fibroin [142-144], Some research
groups favor producing electrospun fibers from a blend of natural/synthetic polymers, or
a mixture of inorganic materials/synthetic polymers. As a result, the chemical and

13
physical properties as well as the functionalities of the fibers can be tailored for specific
applications. For electrical devices, membranes and catalysis, electrospun inorganic
fibers or nanowires can be fabricated using a mixture of zeolite / poly(vinyl pyrrolidone)
[145], silicon dioxide / pluronic 123 [146], aluminum-doped zinc oxide / poly(vinyl
alcohol) [147], Boehmite nanoparticles / poly(caprolactone) [148] or titania / poly(vinyl
pyrrolidone) [149], For biomedical applications such as controlled release and scaffolds
for tissue regeneration, the choices of the natural/synthetic polymer blends include
eggshell protein / poly(ethylene oxide) [150], bovine serum albumin protein /
poly(ethylene oxide) [151], collagen / poly(e-caprolactone) [152, 153], soy protein /
poly(lactic acid) [154], polycaprolactone /collagen / hydroxyapatite nanoparticles [155]
and collagen / chitosan [156, 157].

2.1.5 Poly(vinyl alcohol)
In this study, we use a synthetic polymer, poly(vinyl alcohol) (PVA), to make
homogeneous solid fibers using the electrospinning technique. PVA is a hydrophilic
polymer, and can be dissolved in water or other polar solvents such as dimethylsulfoxide
and N-methyl-2-pyrrolidone to prepare solutions for electrospinning [158], PVA has
good thermal stability, chemical resistance and biocompatibility [2], PVA is a non
degradable polymer and has been demonstrated to have long term stability and
biocompatibility in physiological environments [1, 159]. Medical devices such as
artificial meniscus [1], heart valves [3], cartilage [32, 160] and wound dressings [54]
have been successfully manufactured based on PVA. The highly hydrophilic nature of
PVA is known to inhibit cell adhesion [5]. Thus PVA is seldom considered as a prime
candidate to use where cell population at the surface is necessary such as scaffolds for
tissue regeneration. Various research groups have been focusing on improving cell
adhesion and the cell on PVA in the form of film, crosslinked hydrogel or nanofiber.
These include surface phosphorylation [6 ]; surface functionalizing using fibronectin [5, 7]
or cell-adhesive peptides RGD [8-11]; blending with chitosan [8 , 12-14], lipase [15],
gelatin [16, 17], starch [18], or carboxymethyl chitin [19]; forming composites with
porcine small intestinal submucosa [2 0 ]; and surface coating using hydroxyapatite [2 1 ],
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in order to exploit its favorable biocompatibility characteristics and extend its use in cell
contacting applications.

2.2 Mechanical Testing Technique
Polymer fibers have been used for a wide range of applications such as
membranes [42], wound dressings [43], scaffolds for tissue regeneration [45] and
protective clothing [41]. The overall mechanical properties of these devices are as a
function of the mechanical properties of the individual fiber making up the device as well
as fiber orientation [152, 161], connectivity between fibers [162, 163] and fiber density
[164, 165]. During the service lifetime of a device, the mechanical stress exerted on the
device may result in permanent deformation or failure. A conventional uniaxial tensile
testing system is the most frequently used technique to characterize the mechanical
properties of a device [94, 130, 166-169], This method provides accurate measurement of
the mechanical performance of the device. However, mechanical properties information
of single fiber provides essential fundamental information for researchers and engineers to
tailor the mechanical properties of a device for a particular application [161, 170, 171].
Furthermore, nano-sized materials differ in the size dependence of their mechanical
properties compared to bulk materials [134, 172-175], In most cases, this size dependent
effect is nonlinear and depends on molecular structure. Although the elastic modulus of a
bulk material is generally regarded as a constant, many polymers, when shaped into the
form of fibers with diameter in the range of < 500 nm, exhibit size dependence with
values exceeding the bulk values significantly. These values increase rapidly as the fiber
diameter decreases to the nanometer range [176],
There is no suitable commercial mechanical testing system available to perform
mechanical measurements on a single fiber with the diameter in nanometer range. The
pertinent challenges are: ( 1) preparation/manipulation of the nanofiber, (2 ) observation,
and (3) sensitivity/resolution of the instrument. Various mechanical characterization
techniques based on tensile test, bending test, indention and resonance excitation have
been developed to overcome these challenges.
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Yu et al. [177], Tan et al. [178, 179] and Zussman et al. [172] showed that the
nanoNewton force detection sensitivity of the atomic force microscope and nanoindenter
are suitable for performing a tensile test on single nanofibers. One end of a nanofiber is
attached tightly to the tip of a cantilever while the other one is fixed onto a substrate, as
illustrated in Figure 2.6a. The tensile testing process is driven by moving either the
cantilever or the sample stage and the force is measured via the deflection of the
cantilever. A full stress-strain curve (including elastic region, plastic region and ultimate
tensile strength) of the nanofiber can be obtained. More complex micro-devices such as a
nano-stressing stage [180, 181] or a micro-electromechanical system [182] were also
developed specifically for single nanofiber tensile testing. Table 2.1 provides a list of
different tensile testing methods for various types of nanofibers.

a

b

c

Figure 2.6. Various single nanofiber mechanical characterization techniques based on (a)
tensile test, (b) resonance excitation and (c) bending test (Adapted from [183-185]).
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Table 2.1. List of tensile testing approaches for various types of nanofibers.
Method

Instruments and techniaue

Materials

Tensile

Nanoindenter

poly

test

(fiber attached to nanoindenter tip)

(L-lactic-co-glycolicacid) fiber

[178]

AFM

Electrospun Nylon

[186]

Electrospun Polyacrylonitrile

[172]

Refs

(fiber attached to AFM tip)

Single Molecules o f Type I
Collagen
Collagen Fibrils

[187]
[184]

Electrospun polyethyleneoxide
fiber

Nano-stressing stage

[179]

CNT

[177]

CNT

[180,

(fiber attached to and pulled against two

181]

cantilevers)
Micro-electromechanical system (MEMS)

CNT

(in situ unaxial tensile testing)

[188,
189]

ZnO

[190]

Electrospun polyacrylonitrite
fiber
TEM

CNT

[182]
[191]

(electrical induced tensile testing)

Nanoindenter and AFM are demonstrated to be capable of measuring the elastic
modulus of a single nanofiber through indentation. These techniques use the compressive
straining on a nanofiber to determine the elastic and elastic-plastic behaviour. The fiber
can be tested by simply lying on a hard and flat substrate with sufficient adhesion in
between. For soft polymer nanofibers, Tan et al. [192] summarized a number of issues
including the hardness of the underlying substrate, the shape of the probing tip, the fiber
surface roughness, the surface curvature of the fiber, the probing direction of the tip and
the adhesion force between the fiber and the tip needed to be resolved in order to obtain a
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reliable mechanical measurement. Table 2.2 provides a list of nanoindentation-based
methods various types of nanofibers.

Table 2.2. List of indentation approaches for various types of nanofibers.
Method

Instruments and techniaue

Materials

Refs

Nanoindentation

Commercial nanoindenter

Human bone tissue

[193]

Elastic indention using AFM

Poly(L-lactic acid) fiber

[192]

AFM-based nanoindentation

Silver nanowire

[194]

Electrospun polyacrylonitrile/CNT fiber

[195]

system
(elastic-plastic indention)

Electrospun B .m ori silk/poly(ethylene
eoxide) fiber

[196]

Resonance response of a nanofiber is another approach developed to determine
the elastic modulus. Ding et al. [183] attached one end of a (short) nanofiber to the tip of
an AFM cantilever and induced resonance deflection using electrical and mechanical
excitation, as illustrated in Figure 2.6b. The resonantly deflected contours of the
cantilevered nanofiber at the fundamental frequency and higher harmonics were used to
obtain the value of elastic modulus. Cuenot et al. [197, 198] used a similar approach
based on the measurement of resonance frequencies of AFM cantilevers in contact with a
suspended nanofiber to determine its elastic modulus. This approach can be applied to a
nanofiber that is suspended on a grating or porous membrane and requires a minimum
sample preparation and manipulation. Table 2.3 shows a list of various resonance
excitation approaches for various types of nanofibers.
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Table 2.3. List of resonance excitation methods for various types of nanofibers.
Method

Instruments and techniaue

Materials

Refs

Resonance

AFM cantilever

Boron nanowire

[183]

frequency

(electrical & mechanical excitation

ZnO nanowire

[199]

Electrospun PVA fiber

[200]

through cantilever)
TEM
(electric-field-induced resonance
method)
AFM
(frequency-dependent
viscoelasticity)
Micro-fabricated tuning fork

Nitrocellulose/toluene sulfonamide

(resonance frequency across the two

formaldehyde resin fiber

[201]

Polypyrrole fiber

[197]

Silver, lead nanowire

[198]

CNT

[202]

prongs)
AFM
(resonant contact)

TEM
(electrically induced deflection /
mechanical resonances)

Salvetat et al. [203] first demonstrated the use of AFM to conduct bending test on
a suspended nanofiber. Figure 2.6c shows a nanofiber suspended over a hole or groove
with two ends fixed on a substrate as described by the clamped-beam model [204]. A
force applied by an AFM tip mechanically bends the nanofiber and the elastic modulus
can be determined from the deflection of the nanofiber. Most of the bending tests
conducted in the literature are three-point bending tests which use the nanometer spatial
resolution of AFM to locate and perform a bending measurement at the center of the
suspended section of the nanofiber. A multi-point bending test based on the same AFM
approach was introduced later by Guhados et al. [205] to allow them to confirm the
validity of the boundary condition of the clamped-beam model from the collected data
and eliminate the need to verify the position along the nanofiber at which the force is
applied. All the mechanical tests conducted in this thesis are based on this multi-point
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bending test. However, more complex variations of the AFM-based bending test have
been developed in the literature; Table 2.4 shows a list of different approaches for various
types of nanofibers.

Table 2.4. List of AFM-based bending test approaches for various types of nanofibers.
Method

Instruments and techniaue

Materials

Refs

Bending test

AFM three-point bending

titanium dioxide fiber

[206]

Electrospun poly (L-lactic
acid) fiber

[207]

Polypyrrole nanotube

[208]

S i0 2nanobeam

[209]

Si nanobeam

[210-212]

Poly(2-acrylamido-2-methyl-1-

AFM-multi-point bending test

propanesulfonicacid) fiber

[173]

Cupric oxide nanowire

[213]

Gold nanowire

[214]

Electrospun collagen Type I fibers

[134]

Electrospun Nylon/Si02 composite fiber

[175]

Cellulose fibril

[215-217]

CNT

[203,218]

Poly(3,4-ethylenedioxythiophene) fiber

[219]

Bacterial cellulose fiber

on silicon grating

[205]
CNT

[220]

Electrospun Poly(vinyl alcohol)/CNT

AFM

composite fiber

[95]

Polyacrylonitrile fiber

[221]

SiC nanorod, CNT

[222]

WS2 nanotube

[223]

(Lateral displacement o f ffeeend of fiber)

Buckling of fiber using AFM
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2.3 Polymer Post-Processing Modifications
Materials used in any application have to fulfill property requirements in the
specific application environment. Post-processing modifications offer a simple, but
effective approach to tailor or optimize some specific physical, chemical and other
functional properties of existing materials to fulfill these requirements. Depending on the
needs, modification can be effected either in the bulk or on the surface of the material.
Post-processing modifications are for example known to be very useful in controlling wear
and corrosion resistance, surface roughness, wettability, protein adsorption and cell
attachment of metals for orthopedic implants [224-229]. This is also applicable to polymers. In
comparison to synthesizing a new polymer, post-processing modifications can significantly
fast-track the research and development time to introduce a new and improved polymer
product.

2.3.1 Surface Modification
Appropriate surface modifications can be used to generate functional properties
on polymeric material surfaces for specific applications. Numerous methods of surface
treatment are available [230] including chemical treatment, chemical or physical vapor
deposition and sol-gel coating. Ion implantation using a linear accelerator or pulse
machines, which can introduce any kind of dopant into any solid material, is a wellestablished technique in the materials post-processing industry, largely because of its
controllability and reproducibility. Ion Implantation can be selectively applied to defined
areas and depth of the outermost layers of a sample without affecting the bulk
properties. There is virtually no boundary between the modified surface layer and the
bulk substrate, thus preventing the surface layer to delaminate from the substrate.
However, main drawbacks of this technique are relatively high cost and narrow doping
range. Broad-energy (non-monochromatic) ion beam implantation is often used because,
relative to monochromatic beam, it provides a wider range of ion doping depths, thus
distributing energy over a greater depth range and minimizing thermal damage [67]. In
this thesis, we developed a method to convert a monochromatic energy ion beam to a
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non-monochromatic one using a metal foil for the purpose of modifying the electrospun
fibers with diameter o f-150 nm.

2.3.2 Ion Beam Modification on Polymer
There are two major interactions between the energetic ions and the material
during implantation: ionization as target electrons are removed (collisions via electronic
stopping) and recoil of target atoms (collision via nuclear stopping). Both these effects
occur as the ions penetrate the material and slow down. For polymers, the recoil process
leads to chain scission, lowers the average molecular weight [62], On the other hand, the
ionization process leads to the formation of free radicals that allow the chains to crosslink
and thereby increase the molecular weight [62], Depending on the structure of a polymer
chain, both processes coexist but usually one dominating over the other [231], Eventually,
the ions reach the end of the implantation path and are stopped; ion-induced chemical
modifications at this doping site depend on the reactivity of the ion.
Choosing implantation parameters such as ion species, energy, beam current, dose
and incident angle allows us to selectively modify the structure, composition and
tribological [62], chemical [63] and physical properties [64] of the surface of a polymeric
material. For temperature-sensitive (and also insulating) polymers, the ability to control
these implantation parameters becomes very critical as excessive ion/energy deposition
near the surface can cause permanent radiation damages to the materials [65,

6 6 ],

which

are undesirable modifications.

2.3.2.1 Simulation of Ion Implantation in Polymers
Stopping and Range of Ions in Matter (SRIM 2008) is a computer simulation
software package that includes a program called TRIM (the Transport of Ions in Matter)
[232], It uses a Monte Carlo approach to calculate the stopping and range of ions (up to
2GeV/amu) based on literature data on ion-atom collisions in a broad range of materials.
TRIM can handle a complex target material, for example one that includes up to eight
layers with different compositions. Based on the composition of the material, it calculates
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collision events associated with the ion energy loss. This includes ionization, recoil of
target nuclei, sputtering, and target damage.
Ions lose energy and have their direction deflected as they penetrate a material,
either through the collision with target nuclei or electrostatic interaction with target
electrons. The calculation takes into account one atom or electron interaction at a time;
no interference between subsequent collision events is considered. Stopping cross
sections for each element are known allowing us to calculate the total stopping cross
section for a compound material using the following equation [233];
e A + B + ....... = ( e A CA ) + ( e B CB ) + .......................

[ 1]

ex is the stopping cross section for each target element and cx is the concentration of each
target element. This formula, known as Bragg’s Rule, was first introduced by Bragg and
Kleeman in 1905. This rule is a simple estimation with reasonable accuracy and requires
the least amount of information. Measured stopping cross sections in a compound usually
deviate by less than 20% from Bragg's rule. Bragg’s rule becomes inaccurate when we
consider the differences between elemental materials and their compounds, as electron
orbiting states and excitation alter the amount of energy loss to the same atom in different
bonding states. Therefore, corrections are required in the calculations to account for
bonding states along the polymer chain to achieve sufficient precision of the ion
penetration profile.
For these corrections in compound, ion implantation with known chemical
composition and structure, we use the “Core and Bond” approach. By adding the
stopping power due to the atomic ‘cores’ (in superposition) and the bonding electrons, the
correction predicts the total stopping power in a compound [234]. First, Bragg’s rule is
applied to calculate the total core stopping power for each individual atom in the
compound. Then the necessary correction is made for the stopping power based on the
chemical bonds in the compound. For example, for hydrocarbons the C-C and C=C
structures have different bonding energy. This causes the stopping power of a carbon
atom in a C=C bond to be more than two times that of a carbon atom in single-bond state.
Table 2.5 shows the stopping values of different cores and bonds for common organic
polymers. SRJM uses this approach to correct the error made in Bragg's rule to improve
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the stopping power of chemical compounds. Especially, any compounds containing the
common elements H, C, N, O, F, S and Cl require the correction for the “Core and Bond”
effect because these light atoms contribute a large bonding effect to the total stopping
power.

Table 2.5. Stopping values of different cores and bonds in the unit of eV/1015 atoms/cm2
for proton at 125 keV [232],
Core

Bond

H=0

C = 6.15

N = 5.86

0 = 5.45

H-C =

H-N =

C-C=

C-N =

C-0 =

c=o =

N-0 =

7.22

8.24

3.94

5.08

6.17

13.93

15.80

2.3.2.2 Ion Beam Surface Modification on Physical Properties
For membrane applications, Guenther et al. [63] demonstrated that by introducing
chemical modifications via boron ion implantation into polyimide and polyethersulfone
matrices, the moisture uptake behavior of both polymer membranes can be controlled,
leading to improved filtering efficiency. Similarly, two separate studies demonstrated that
by implanting nitrogen or oxygen ion species, the water contact angle of polyethylene can
be decreased [235] and increased [236], respectively. Moreover, tribological properties
such as the friction coefficient and surface roughness of polyethylene can be modified
using helium, argon [64] and nitrogen ion implantation [237]. In the previous section it
was already pointed out that the ion-induced crosslinking process can transform two
dimensional linear chains into three-dimensional interconnected networks, thereby
changing the mechanical properties of the polymer matrix. This is very useful for
polyethylene [70] and polycarbonate [6 8 ] as their mechanical properties were
successfully optimized for particular mechanical applications using ion implantation.
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2.3.2.3 Ion Beam Surface Modification for Bio/Cell-Compatibility
Ion-induced chemical transformations of a polymer surface have a strong
influence on protein adsorption and cell adhesion, as demonstrated by Girard-Lauriault
et al. [76]. Articular/epiphyseal cartilage cells, growth plate chondrocytes and human
macrophages can adhere, spread and proliferate on nitrogen ion treated polyethylene
films. Kusakabe et al. [74] showed a similar improvement of endothelial cell adhesion on
polytetrafluoroethylene films after neon ion implantation. On the other hand, fluorine ion
implantation can be used to reduce cell attachment on polymethylmethacrylate
intraocular lens to reduce the long-term failure rate for ophthalmic implants [238],
Besides synthetic polymers, ion implantation has also been used to successfully modify
the surface of collagen films to control platelet adhesion and plasma protein adsorption
[239]. Several ion-induced mechanisms were proposed to explain these changes of bio/cell-compatibility of the polymers; surface wettability is frequently suggested as one
of the major factors [240-242], Jagielski et al. [243] provided a list of different ion beam
surface implantations on various types of polymeric materials for the control of bio-/cellcompatibility.

2.3.3 Bulk Modification
Among the post-processing modification approaches, thermal annealing is a
widely used bulk modification technique for polymers. Ma et al. [244] demonstrated that
annealing polysulphone electrospun fiber membranes can increase the crystallinity of the
polymer matrix and subsequently increase their mechanical strengths. No significant
chemical structural change is reported for the annealing treatment. Similar mechanical
property improvements are also observed on poly(L-lactic acid) [245] and poly(ecaprolactone) [246] fiber mats. Chemical treatment using crosslinking agents such as
glutaraldehyde or glyoxal, is another widely used bulk modification technique for
polymers [134, 247, 248]. This method modifies the chemical structure to increase the
stiffness as well as improve the aqueous stability. But in the case of electrospun fibers
mats, the morphological features are largely lost after the treatment.
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2.3.4 Post-Processing Modification of PVA
For PVA, the majority of previous reports have focused on modifying its
properties employing bulk modification techniques such as annealing and chemical
treatments. Its high solubility in water requires the use of radiation [51, 52], chemical
agents [49, 50] or freezing-thawing processes [53, 57, 59] to crosslink the polymer chains
to impart stability for biomedical applications. Peppas et al. [249] combined electron
beam irradiation and annealing to crosslink and crystallize PVA films for mechanical
property improvement. In the case of electrospun fibers, Taepaiboon et al. [250] and
Wang et al. [15] chemically crosslinked the fiber mats using glutaraldehyde or glyoxal
vapor for drug controlled release applications. Kenawy et al. [251] and Yao et al. [55]
showed that the aqueous stability of the fibers can be improved by immersing the samples
in methanol for up to 1 day. Although, these two approaches have been used to
successfully stabilize the fiber mat in aqueous environments, the resultant mats are not
suitable for most applications as the fibrous morphology was largely lost during the
process. In this study, we will demonstrate some approaches to improve the aqueous
stability of PVA fibers without sacrificing the fibrous morphology. Moreover, no
previous report was found that examined the possibility of applying ion beam surface
modification on electrospun PVA fibers to improve mechanical properties and cell
compatibility. This will be the focus of the current study.

2.4 Use of Electrospun Fibrous Scaffolds in Biomedical Applications
When a surface wound is inflicted, the normal body response initiates a series of
complex events that include acute inflammation, the formation of granulation tissue, and
eventually scar formation [252] to heal the wound. An internal wound created when a
medical device is implanted into the body, different response known as the foreign body
reaction is triggered which is a function of the chemical, physical and topographical
properties as well as the size and shape of the device. This in-vivo response may persist
for the lifetime of the device and is best assessed as biocompatibility of the device
material [1, 159]. For a biocompatible but inert device, our body induces an avascular,
collagenous fibrous tissue to produce a fibrous capsule which is typically 50 - 200 pm
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thick [253] to insulate the body from the device. This results in minimum degree of
integration of the device with the body. For a scaffold used in tissue regeneration, this is
clearly undesirable. A scaffold should not induce fibrous capsule formation; it should
possess the correct structure, geometry, mechanical properties and compatible with the
cell type that is present in the tissue that is being regenerated. Electrospun PVA fibrous
scaffold that are thermally annealed can possibly provide the structure, geometry and
mechanical properties which mimic that of the extracellular matrix of most soft tissues.
The additional criterion of cell compatibility still has to be assessed.

2.4.1 Cell - Substrate Interaction
In this study, primary human skin fibroblasts were used to in-vitro assess the cell
compatibility of electrospun PVA fibers before and after post-processing modifications.
Fibroblasts are migratory and can secrets collagen, fibronectin and growth factors [254],
They are capable of sensing mechanical tension and morphology in the surrounding
tissue or the substrate using their filopodia and responding to other cells during migration
[255] . The extension of filopodia from the leading edge of fibroblasts is an important
indication of cell migration. Fibroblasts join other support cells, chondrocytes,
osteoblasts, myofibroblasts and adipocytes, to provide the essential structure of a tissue
[256] ,
For in-vitro studies, a 3D environment is considered to be more realistic than a 2D
environment (e.g. cover slips) to mimic the in-vivo condition for cell experiments [257].
Fibroblasts are reported to have a flattened, lamellar morphology and minimum
migratory ability on a highly rigid, 2D planar environment [258], On the other hand, they
adopt a bipolar elongated morphology and are able to migrate actively using the
extension of filopodia on 3D extracellular matrix [254], Previous results showed that the
degree of tension [259-261], topography [262-266] and stiffness [72, 267-269] of the
substrate are important in cellular morphology, signaling and proliferation. For a 3D fiber
scaffold, which is stressed to the bottom of a culture dish (e.g. not floating in the culture
media) and cell-compatible material such as collagen [266, 270-275], the fibroblasts
adopt a biopolar or stellate morphology [259, 260] and undergo proliferation.
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Although, in-vitro tests are not equal to in-vivo tests, in-vitro is simpler and
generally accepted as a first order approximation in testing for toxicity or compatibility of
a material, requiring fewer procedural steps, protocols, guidelines and standards to follow.
The in-vitro cell culture tests study cell death, cell adhesion, cell morphology, cell
proliferation and biosynthetic activity in a more controlled environment than in-vivo tests;
and may provide useful information on the degree of integration at the interface between
a scaffold and the living tissue.

2.4.2 Medical Devices Based on Electrospun Fibrous Scaffolds
Electrospun fibrous mats are particularly attractive for medical applications due to
their high surface area and interconnected porous network. Electrospinning has become
the method of choice in fabricating 3D scaffolds for tissue regeneration. In addition, the
fibrous structure can be electrospun with controlled alignment to mimic the natural extra
cellular matrix [47, 48]. To regenerate blood vessels, Xu et al. [45] proposed the use of
aligned poly(L-lactide-co-caprolactone) copolymer fibrous scaffolds and demonstrated
the concept using human coronary artery smooth muscle cells. Similarly, Soffer et al.
[143] used a natural polymer, bombyx mori silk fibroin, to produce fibrous vascular grafts
via electrospinning. The grafts showed mechanical characteristics that were well matched
to those of the native vessels and supported the culture of human aortic endothelial cells
and coronary smooth muscle cells. Electrospun fibrous scaffolds based on synthetic
polymers, natural polymers or synthetic / natural blends, have also been successfully
studied for regenerating cartilage [276], bone [277-280], bladder [24, 129], skin [54, 128,
142] and neural tissue [25, 153],
Lee et al. [276] showed that the fibroblasts were sensitive, in term of alignment,
elongated direction and collagen synthesis, to the fiber alignment and the mechanical
strain. These similar fiber alignment effects were also observed in human smooth muscle
cells [45, 129] and human Schwann cells [153, 281], In this study, we will investigate the
behavior of fibroblasts in terms of their attachment, morphology and proliferation on both
random and aligned PVA fibrous scaffolds to assess their potential for medical device
applications.
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Chapter 3: Materials and Methods
3.1 Poly(vinyl alcohol)
The material investigated in this thesis is poly(vinyl alcohol) (PVA). PVA is
produced by a two step chemical reaction: 1. Polymerization of vinyl acetate monomers
into polyvinyl acetate. 2. Hydrolysis of polyvinyl acetate. PVA was purchased from
Sigma-Aldrich in powder form with a molecular weight of 89,000 - 98,000 g/mol and
99+ % hydrolyzed. The chemical composition of PVA is (XI^fLtO),, and its chemical
structure is shown in Figure 3.1.

OH
Figure 3.1. Chemical structure of PVA.

3.2 Electrospinning Process
PVA solutions were prepared by dissolving 8 . 5 - 1 2 wt% of PVA powder in a
solvent consisting of 70 - 90 % de-ionized (DI) water and 30 - 10 % ethanol at 90°C
with magnetic stirring for 1 hour. Ethanol is used to lower solution viscosity and increase
solvent evaporation rate. The solution was cooled down to room temperature prior to
electrospinning. The range of process parameters used in this study were a negative
polarity electric field of 10 - 25 kV (Glassman High Voltage Inc.), a working distance
between the tip of the syringe needle and the collector of 15 - 25 cm and a solution feed
rate of 0.18 - 0.30 mL/h using a syringe pump. (Kd Scientific Inc.).
To collect individual, isolated electrospun fibers for AFM mechanical testing, a
transmission electron microscopy (TEM) grid (Structure Probe, Inc.) with a 7.5 pm

x

7.5

pm square mesh was used on a silicon substrate and mounted at the center of the
collector. For all other studies, non-woven PVA fibers were collected on aluminum foils
or silicon wafers.
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Randomly orientated fibers were collected using a custom designed stationary
collector as shown in Figure 3.2a. To collect fibers with the fibers highly aligned parallel
to each other, another custom designed step motor driven rotating collector was used as
shown in Figure 3.2b. All aligned-fibrous scaffolds produced in this work were collected
with the step motor operated at 32 V and the collector rotating at ~ 6.4 m/s.

a

b

Figure 3.2. The electrospinning setup with (a) a stationary collector and (b) a rotating
collector.

3.3 Thermal Annealing
The PVA fibers were annealed in a vacuum oven (10 torr) at six different
annealing temperatures: 85, 110, 135, 160, 185 and 210°C. This temperature range is
between the glass transition temperature and melting temperature of as-spun PVA fibers
determined from DSC (Section 3.7.1 and 4.3.6). The annealing time used was between 30
minutes and

8

hours. The samples remained in the vacuum for an additional 2 hours to

cool down before unloading from the oven.
The annealed PVA fibers were immersed in DI water for 1, 10 and 30 days at
room temperature. For scanning electron microscopy characterization, the wet samples
were immersed into isopropyl alcohol for 5 minutes and then dried in a vacuum (10 torr).
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3.4 Ion Beam Implantation
Nitrogen ion (N+) and helium ion (He+) beams were generated using the General
Ionex 1.7 MV tandetron accelerator at The University of Western Ontario (Figure 3.3). A
tandem accelerator provides ion beams capable for both materials analysis and
modification. There are two ion sources (duoplasmatron for He' from He gas and sputter
sources for N" from graphite-boron nitride, shown at the right) capable of generating a
wide range of non-radioactive elements for the beams. The tandem accelerator
accelerates the ions in two stages. First, the negative ions produced from the sources are
attracted by the high positive voltage at the terminal halfway down the accelerator tank.
In the terminal, they pass a short section called the stripping canal; the negative ions lose
two or more electrons in collisions with a stripping gas (N2). Then at the second stage, the
now positive ions are accelerated away from positive terminal voltage. This tandem
effect is very effective to generate high-energy ion beams with energies up to a few MeV.
An ultra high vacuum beam line is necessary to keep the beam line free of residual gas.
This prevents beam intensity reducing collisions between the ions and the molecules, or
the formation of a contamination layer on the sample during the implantation.
RBS Chamber

Figure 3.3. Schematic plan view of the Tandetron Accelerator Laboratory at The
University of Western Ontario [282], The sample holder is placed inside the implantation
chamber (where the circle indicates) for implantation.
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The sample holder arrangement is shown in Figure 3.4. PVA fiber sample was
mounted with a 1.0 pm thick tantalum (Ta) foil (Ta, 99.9% purity, Goodfellow
Cambridge Ltd.) that was included to slow down the ion beam 2 mm in front of the
sample. Ion beam implantation was performed at room temperature in ultra-high vacuum
(~10‘ torr). The energies of N and He beam from the accelerator were 1.7 MeV and
520 keV, respectively. The beam currents were kept below 300 nA.

Figure 3.4. Schematic cross-sectional view of the sample holder with Ta foil.

The thickness of the Ta foil was determined with the simulation software package
SRIM-2008 [232] that provides, in our case, theoretical projections of the energies,
doping depth profiles and the total deposited energy distribution of the two ion species in
the PVA fibers after transmission through the Ta foil. The simulation takes ion beam
straggling in the foil into account, which is a process that broadens the energy
distribution of an ion beam when single ions interact randomly. Based on the simulated
results, a 1.0 pm thick Ta foil reduces the initial ion energies of 1.7 MeV for N+ and 520
keV for He+ to energy distributions ranging from > 0 to 300 keV for N+ and > 0 to 100
keV for He ,as shown in Figure 3.5a. These energies are then suitable for implantation
into the PVA fibers as they provide us with nearly identical doping depth profiles,
ranging from the surface to about 900 nm depth. Figure 3.5b shows the simulated ion
implantation depth profiles as histograms with 40 nm bins. The gray circles depict fibers
of average diameter

1 20

nm, and correlate to the ion doping distribution along the axis of

32
the 5 outmost layers of the fibers. The calculated fractions of the N+ and He+ beams that
penetrate the foil and are implanted into the fibers (the total doping yield) are 48% and
53%, respectively. However, all ion implantation doses (in ions/cm2) reported in this
work are incident doses to the Ta foil. Accordingly, the total amount of energy deposited
into the sample is then calculated as 3.2 times higher for N+. The thickness of the Ta foil
was also confirmed using scanning electron microscope.
The doping depth profile in PVA fiber is difficult to verify experimentally. For
example, we cannot use a generally non-destructive ion beam based analysis techniques
such as Rutherford backscattering spectroscopy (RBS), due to the decomposability of
PVA and the porous structure of the fibrous structure. Therefore, the ion transmission
process through the Ta foil was verified on a separate silicon wafer using time-of-flight
secondary ion mass spectrometry with Surface Science Western’s ToF-SIMS IV system
(ION-TOF™). The SIMS setup bombards the sample surface with a primary 25 keV
gallium ion beam to dig progressively into the sample and then analyzes the secondary
ions ejected by a sputtering 1 keV cesium ion beam. By measuring the mass/charge ratio
of the secondary ions and their time of flight between sample and detector, a depth profile
of the elemental composition of the outer layers of the sample is obtained. The total
sputtered depth of the silicon wafer was subsequently to the SIMS measurement
determined using a Dektak surface profilemeter. Figure 3.6 shows the theoretical (N+)
and experimental (Si+N) depth profiles in silicon (Si) with 1.7 MeV N+ implanted
through the Ta foil. The Si SIMS profile is also shown as a baseline reference. The
experimental nitrogen doping depth profiles determined by SIMS shows good agreement
with the SRIM simulated profile.
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Figure 3.5. (a) Histograms of the nitrogen (with incident energy 1.7 MeV) and helium
(with incident energy 520 keV) ion energy transmitted through the Ta foil as simulated
by SRIM. (b) The matching ion doping depth profiles (SRIM) in the sample with the gray
circles illustrating 5 layers of fibers.

Figure 3.6. Experimental ToF-SIMS and theoretical SRIM depth profile of N+ implanted
into a silicon wafer through a 1.0 pm thick Ta foil.

34

3.5 Cell Culture
Primary Human Skin Fibroblasts (hsF) were used for cell compatibility studies of
the PVA fibers. The hsF were acquired from the palmar fascia of patients’ hands that
underwent carpal tunnel release surgery at St. Joseph Hospital, London, Ontario. All
subjects provided written informed consent under institutional review board approval and
specimens were collected with the approval of the University of Western Ontario
Research Ethics Board for Health Sciences Research involving Human Subjects (HSREB
protocol # 08222E). This conforms to the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans. The primary
cultures obtained by Dr. Yan Wu from the clinical specimen were maintained [283] in
alpha-minimum essential media (a-MEM) (Gibco, Invitrogen Corporation) with 10%
fetal bovine serum (FBS) (Clontech Laboratories, Palo Alto, CA) and antibiotics
(Penicillin G + streptomycin sulfate, Gibco, Invitrogen Corporation) until use. All
fibroblasts used were passaged less than seven times.
The following procedure is used to seed and culture hsF on PVA samples:
1.

Immerse 5 mm in diameter PVA fiber samples in 70% ethanol + 30% water for
30 minutes for sterilization, and then immerse in phosphate buffered saline (PBS)
for another 15 minutes.

2.

Remove the petri dish (with hsFs) from incubator and aspirate the growth media
(a-MEM + 10 % FBS + streptomycin and glutamine) from hsF.

3.

Wash the hsF with PBS in the petri dish.

4.

Add 3mL of trypsins (Gibco, Invitrogen Corporation) and leave in incubator
(37°C, >95% RH and 5% CO2) for 5 minutes to detach the hsF from the dish.

5.

Add lmL of growth media to deactivate the trypsin.

6.

Move solution containing hsF to centrifuge tube and centrifuge (1200 rpm) for 4
minutes.

7.

Aspirate the growth media as much as possible without touching the hsF pellicle,
and add exactly 1 mL of growth media.

8.

Break the pellicle by pipetting the medium up/down until a uniform solution is
acquired.
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9.

Take 20 pL of the growth media/hsF solution and 20 pL of PBS with 0.4% of
trypan blue stain into a tube.

10.

Take 10 pL and place in the hemocytometer [284] (a grid with 5 squares) for hsF
count and average cell density

11.

Dilute the hsF solution accordingly using the growth media, place -3000
cells/well into a 96 wells plate (BD Falon™ non-treated polystyrene).

12.

Add an equal amount of 0.1 mL of hsF and media into each well containing 5 mm
in diameter PVA sample (as Figure 3.7 shown). , this is equivalent to the cell
seeding density of 15,000 cells/cm2.

13.

Place the samples in a 5% CO2 incubator at 37 °C for culturing.

14.

Exchange with fresh culture media every 3 days.

Figure 3.7. Image of a 96-wells plate loaded with 5 mm diameter PVA fibrous scaffolds
for in-vitro test.
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3.6 Atomic Force Microscopy
A multimode atomic force microscope (AFM) with a Nanoscope Ilia controller
(Veeco Instruments) was used in this study. High resolution topographical height
information of a sample was acquired through contact mode and the elasticity was
obtained using the force-volume mode. The AFM consists of a cantilever with a sharp tip
that is used to scan the sample surface. Depending on the application, the interactions
between the tip and the sample surface include van der Waals forces, capillary forces,
chemical bonding, and electrostatic forces. These interactions lead to an initial deflection
of the cantilever according to Hooke's law. To monitor the upward and downward
movements of the tip, the deflection profile of the cantilever is obtained from a laser
beam reflecting off the cantilever and into a photodetector. This approach offers good
sensitivity, capable of detecting atomic scaled features. The photodetector monitors the
laser beam movement vertically and horizontally. As the tip traces across a sample with
features causing it to move upward and downward, the reflection of the laser beam shifts
between the upper and lower component of the photodetector, creating voltage
differences which are electronically converted into height information. Lateral
movements of the beam are used to monitor frictional phenomena on the surface.

3.6.1 Sample Preparation for Mechanical Testing
Mechanical testing of individual PVA fibers was performed in the AFM force
volume mode at room temperature and equilibrium humidity except for the relative
humidity which was done under a controlled humidity environment of 32%, and 9% in
nitrogen. Force spectroscopy measures force-distance curves, which result from the
deflection of the cantilever that is sensed as a function of piezoelectric displacement, as
the tip extends toward and retracts from the surface. The slope of the force-distance curve
is correlated to the elasticity of the sample. The data is usually acquired along with
topographic images, which allow us to compare height and mechanical properties.
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Prior to AFM mechanical testing, an optical microscope (Zeiss Axioskop2 Mat
Microscope) was used in the dark-field mode to capture 200x magnification images of
the mesh areas near the edge of the TEM grid. Figure 3.8 shows an optical image used to
identify the precise location of individual fibers and served as a map for the subsequent
AFM and SEM measurements before and after various post-processing treatments.

Figure 3.8. Optical image (reflective dark field) of electrospun PVA fibers collected on a
TEM grid. The circles indicate suspended fibers suitable for mechanical testing.

3.6.2 Applying Clamped Beam Model to the AFM Data
For a fiber with a suspended length of L clamped to a substrate while a vertical
force F is applied at a distance a from one end of the fiber by an AFM tip, as illustrated
in Figure 3.9. We use the clamped beam model, which is derived from the EulerBemoulli beam theory [204], to analyze the experimental data and determine its elastic
modulus. This model is valid when certain boundary conditions are met: the two
supported ends of the suspended fiber must remain firmly attached to the substrate with
no displacement and rotation throughout the force-volume measurements. Figure 3.10
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shows AFM trace and retrace contact mode images of a fiber with suspended length of
8.0 pm. By acquiring a contact-mode image before and after measurements in the force
volume mode, the position of the fiber can be verified its ends as properly anchored,
which in turn satisfies the boundary condition. The AFM technique measures the
deflection of a fiber at the point where the cantilever applies its force. We define this
point by the distance to one anchor point of the fiber, a. The point of measurement can be
any point along the suspended portion as the cantilever scans across the fiber. If we
assume a suspended fiber of length L and subjected to an AFM tip load F, which is
applied at a distance a relative to one end, then the deflection 5(a) of the fiber due to
tensile deformation is expected to follow [285]:
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where E is Young’s modulus of the fiber and I is its area moment of inertia. (A full
derivation of clamped beam model equation is presented in Appendix A) The fiber
diameter D is measured on the suspended portion from its height in AFM images and its
width in SEM images, allowing us to calculate the area moment of inertia as / = nD4/64.
The fiber has a maximum deflection at the center of its suspended portion, where S(a =
L/2) = FL3/\ 92EI.

Figure 3.9. Schematic sketch of fiber with a suspended length of L clamped to a substrate
while a vertical force F is applied at a distance a from one end of the fiber by an AFM tip.
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Figure 3.10. AFM trace and retrace contact mode images. We note that the centre of the
suspended portion bends toward the tip scanning direction, but the supported portions
remain anchored on the substrate.
The clamped beam model we used for PVA fibers is exclusively based on tensile
deformation. During bending, the fiber deforms in both tension and compression, as
illustrated in Figure 3.11. The inside portion of the fiber, where the force is applied, will
undergo compression and shorten, while the outside portion experiences tension and
stretch to a greater length. The degree of shortening and stretching is equal at the same
but opposite distance from the neutral axis. The neutral axis is the boundary line inside
the fiber where no tension or compression force is presented. Therefore, the length of the
neutral axis remains constant.
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Figure 3.11. Schematic drawing of a fiber that underwent tensile deformation.
The force curve varies with the vertical sample displacement Az, which in turn is
equal to the sum of the cantilever deflection Ay and the fiber deflection d(a) at the contact
point. The force applied by the AFM cantilever is given by F = kAy, where k is the spring
constant of the cantilever. The slope of the position along a suspended fiber is predicted
(Appendix A) as:

r a(L dz

L
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L

( 2)

The only unknown variable on the right side of Eq. (2) is Young’s modulus of the fiber. E
is determined by fitting this equation to the (normalized) slopes measured as a function of
position (a) along the fiber using the Igor Pro software package (Wavemetrics) built-in
Levenberg-Marquardt [286] non-linear least-squares fitting algorithm.
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3.6.3 Thermal Noise Cantilever Calibration
Three different triangular silicon nitride cantilevers (Sharpened NP Probes, Veeco
Instruments) with nominal spring constants of 0.58, 0.32 and 0.12 N/m, respectively,
were chosen to carry out imaging and mechanical testing of the native unmodified and
modified fibers. The actual spring constants were determined using the thermal noise
technique [287], we found k\ = 0.27 ± 0.01 N/m,

£2

= 0.21 ± 0.01 N/m and

£3

= 0.097 ±

0.002 N/m, respectively. These values were periodically confirmed during the
experiments.

3.6.4 Mechanical Measurement and Elastic Modulus Determination
Mechanical testing is performed in the AFM force-volume mode, as described
previously [205]. A force (F) is applied to the sample as the sample is moved upward
against the AFM tip (stopping at a pre-set trigger threshold). The resulting force spectrum
(i.e., the recorded deflection of the AFM cantilever (Ay) as a function of the sample’s
vertical displacement (Az)) is acquired for positions in an array of 64 x 64 pixels
(spanning square regions of width 3.5 - 6.0 pm). Another topographical image of 64 x 64
pixel resolution is acquired simultaneously by recording the piezo height required to
achieve the trigger threshold. The vertical ramp size and trigger threshold were set for the
two cantilevers between 300 - 600 nm and 50 - 200 nm, respectively.
A representative example for AFM mechanical testing of a PVA fiber is shown in
the SEM image of Figure 3.12. All fibers were studied in the same orientation as shown
in Figure 3.12, i.e., aligned at approximately 45° to the scanning direction of the AFM tip.
The diameter D of the fiber was determined from a SEM image on the suspended portion
of the fiber. We averaged the diameter of 10 locations along the fiber axis. For the fiber
shown, the average diameter was 114 ± 4 nm with the standard derivation due the
diameter irregularity of the electrospun fiber.

42

Figure 3.12. SEM image of a representative example for AFM mechanical testing of a
PVA fiber suspended across a comer of a TEM grid hole.
Data was extracted from the force-volume images and analyzed using the Igor Pro
software package (Wavemetrics) with a custom analysis routine. Slopes of the individual
force spectra can be divided in two groups, as illustrated in Figure 3.13. The majority of
data are obtained on the rigid surface of the TEM grid, for which the cantilever deflection
is expected to equal the sample displacement (i.e., Az = Ay) after contact is made; this is
also valid for data obtained on the portions of the fiber supported by the rigid TEM grid,
because compressive deformation of the fiber due to the maximum force applied by the
AFM tip is expected to be less than one third of a nanometer. The theoretical slope of the
force curve for all such positions is then dy/dz = 1, which can be used to calibrate the
sensitivity of the cantilever deflection signal Ay as follows. A histogram of the slopes is
plotted, and the deflection signals are normalized to the mean value of the peak
corresponding to the majority of the data in the histogram. Then data obtained on the
suspended portion of a fiber display a linear curve with Az = Ay + S, with Az > Ay after
contact because of the fiber deformation S. The force curve in the contact regime thus
displays a slope dy/dz < 1. Therefore, the deflection of the fiber can be measured by
comparing the difference between the approach force curve obtained on the bare TEM
grid (or supported portions of a fiber) to those obtained on the suspended fiber.
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Figure 3.13. Approach force spectra obtained on the bare grid (hollow triangles) and
near-center of a suspended fiber (solid circles). The shallower slope for the suspended
fiber allows its mechanical strength to be measured.
The elastic modulus was determined from fits to the data of typically more than
60 force spectra chosen from suspended and supported sections along the fiber in a given
force-volume image. To select the data points, a topographic image was used to identify
the midline of the fiber, as illustrated in Figure 3.14 with 92 data points (this image
shows the same fiber as Figure 3.12). Generally 2 points were selected close to the
midline along every row of pixels crossing the suspended portion of the fiber. Only 1
point was selected on the supported portion, as these points do not enter into the curve-fit
and are only used to validate the calibration of the deflection sensitivity. Note that for
positions at a significant offset from the midline of the supported portion, the applied
force is no longer perpendicular to the surface due to the curvature of the fiber. Force
spectra taken under these circumstances are distorted depending on which side of the
fiber the tip probed.
The slopes of the chosen force spectra and the relative fiber deflections were
plotted as a function of position a from one end of the fiber in Figure 3.15. The solid line
in the figure is a fit to Eq. (2). The agreement between experimental data and the derived
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curve for the clamped beam model provides confidence that the experimental AFM
multi-point mechanical test data validates the model.

Figure 3.14. A topographical image from the AFM force-volume measurement with 92
data points chosen along the fiber.

Figure 3.15. Plot of the slopes of force spectra (hollow circles) as a function of position a
along a suspended fiber of length L = 3.7 pm. The best fit using the clamped beam model
is shown as a solid curve.
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3.7 Characterization Techniques
3.7.1 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is a common technique to study the
thermal properties of a polymer. In the instrument, there are two pans that are heated by
two separate heaters. To perform a measurement, one pan is loaded with the sample and
the second pan which is the reference pan, is left empty. A computer is programmed to
heat the two pans at the same rate (°C / minute). In order to heat the sample pan at the
same rate, extra heat flow is required to achieve the same temperature as a function of
time when compared to the reference pan. Thermal properties of the sample are
determined from the differential heat flow between the two pans as a function of
temperature. Typical properties measured by DSC include melting (endothermic
transition) and crystallization (exothermic transition). The melting temperature of as-spun
PVA fibers was determined using DSC (Perkin Elmar Pyris 1) between 50°C and 250°C
at a heating rate of 10°C per minute. The DSC thermograms were analyzed using
Thermal Analysis Instrument Control and Data Analysis Software V. 3.01 Rev. A (Perkin
Elmer). The degree of crystallinity Xc was calculated from the endothermic area from:

Xc =

AH f
AH'

[3]

Where AHf is the measured enthalpy of fusion from DSC thermograms and AH°f is the
enthalpy of fusion for 100% crystalline PVA [288].

3.7.2 Confocal Laser Scanning Microscopy
Confocal laser scanning microscope (CLSM) can obtain a high resolution 2D
fluorescent image slices of biological objects labeled with fluorescent markers by using
point illumination to scan the specimen one point at a time and a pinhole to detect the
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light emitted from the focal plane. By reconstructing a series of 2D image slices at
different focal planes, CLSM is particularly useful for 3D visualization.
To image the hsF with a CLSM, fluorescent markers are used to label specific
molecules (protein or nucleic acid) of the hsF, so that those molecules with the markers
are excited and emit photons at a lower energy for detection. For hsF, Alexa Fluor 488
Phalloidin (Alexa 488) (Mw=1320, absorption max = 495nm, emission max = 519,
Invitrogen) was used to stain the F-actin (fluoresced in green) and 4',6-diamidino-2phenylindole (DAPI) (Mw=350, absorption max = 358 nm, emission max = 461,
Molecular Probes) to stain for the cell nucleus (fluoresced in blue).
The fluorescence images of hsF were obtained using a Zeiss LSM 510
multichannel point scanning confocal microscope (Carl Zeiss Microimaging Inc.). An
argon-ion laser with excitation line of 488 nm and a diode laser with excitation line of
405 nm were the sources used to excite Alexa 488 and DAPI, respectively.
To apply the two fluorescent labels (staining) to the hsF in contact with the PVA samples
for confocal microscopic imaging, the following procedure was used:
1.

Aspirate the growth media (from the wells with PVA fiber samples + hsF after n
days of culturing) and wash twice with PBS on a shaker for 5 min.

2.

Fix the hsF by storing them in 4 wt% of paraformaldehyde (reagent grade,
(CH20)n, Fisher Scientific) in PBS (0.1 mL/well) for 45 minutes.

3.

Wash the samples twice with PBS (10 minutes each).

4.

Wash the samples twice with 0.1 wt% Triton X-100 (Sigma) in PBS to
permeabilize the hsF membranes for fluorescent stain.

5.

Wash twice with 0.1 wt% Tween^O (Mw=1228, Calbiochem) in PBS.

6.

Wash the samples using PBS solution with 3 wt% bovine serum albumin (BSA)
(Fraction V, purity > 96%, Bioshop) + 0.1 wt% Tween + 5 wt% slim milk powder
(30 minutes each).

7.

Add 0.125 wt% of Alexa 488 into PBS solution with Tween, BSA and slim milk
powder, use this to wash the samples for 20 minutes under aluminum foil.

8.

Wash 3 times with Tween + PBS (10 minutes each).
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9.

Wash the samples twice using PBS solution with Tween + BSA + slim milk
powder (10 minutes each).

10.

Add 0.1 wt% of DAPI into PBS solution with Tween, BSA and slim milk powder,
use this to wash the samples for 20 minutes under aluminum foil.

11.

Wash 4 times with Tween + PBS (10 minutes each)

12.

Mount the wet samples with 1 drop of mounting media (Dako Cytomation,
Fluorescent Mounting Medium) on microscope glass slide and seal with a 1pm
thick cover glass prior to confocal imaging.

3.7.3 Infrared Spectroscopy
Infrared (IR) spectroscopy can be used to identify functional groups in organic
compounds, based on the unique rotations and vibrations at discrete energy levels of a
molecule. Incident IR radiation can only be absorbed at the energy levels of the
oscillating molecular groups, which is associated with changes in the dipole moment. In
order to have rotational and vibrational modes to be IR active, the molecule must be
asymmetric with changes in dipole moment, such as water and carbon dioxide molecules.
A symmetric O2 or N 2 molecule has no dipole moment, so it is IR inactive.
The simple hydrocarbon (CH2) group can vibrate in six different ways:
symmetrical and anti-symmetrical stretching, scissoring, rocking, wagging and twisting,
as illustrated in Figure 3.16. Stretching a bond length requires higher energy than
changing the bond angle; thus all six vibrational modes will be IR active at different
frequencies. Each type of vibration within the molecule has its own unique infrared
absorption cross-section (this is also true for the molecule itself), i.e., not all vibration
modes have equally strong peaks in the spectrum.
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Figure 3.16. Six different vibrational modes for a hydrocarbon molecule.
IR spectra can also be used to qualitatively detect the existence of crystalline
regions of polymeric materials. Some bands, which are associated with specific
vibrational modes of the molecules in the polymer chain, can be sensitive to inter
molecular and intra-molecular order. For PVA, the intensity of the 1141 cm'1band, which
is associated with the symmetric C—C stretching mode, has been shown to be sensitive
to the degree of the crystallinity [61, 289]. On the other hand, the intensity and shape of
the 1425 cm'1 band, characteristic of —CH2— bonds and the 1093 cm'1 band,
characteristic of —CO— bonds, remain unchanged as a function of crystallinity.
Attenuated total reflectance - Fourier transform infrared spectroscopy (ATR
FTIR) was used to qualitatively verify the increase in the degree of crystallinity of the
PVA sample upon heat treatment. In the present experiments, we used an FTIR
spectrometer (Bruker Vector 22; Milton, ON) with a horizontal attenuated total
reflectance attachment and a diamond crystal. The chamber was continuously purged
with dry air to minimize water vapor and carbon dioxide interference. A background
spectrum was collected prior to that of the PVA fiber samples.
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3.7.4 Proliferation Assay
To examine the long term response of hsF after they adhered to the surface of to
modified PVA fibers in vitro, we conducted two approaches to determine the hsF growth
rate after 1, 4 and 10 days of culture on the PVA scaffolds.
The rate of hsF proliferation was analyzed by performing a hsF cell count based
on the DAPI-stained nuclei on each sample from CLSM images, an example is shown in
Figure 3.17. Cells are no longer attached to the scaffold after their death; the
washing/fluorescent staining process described in Section 3.7.2 is able to remove the
detached and floating dead cell from the scaffold. Therefore, dead cells are excluded in
the image. To assess reproducibility, the experiments were repeated three times with
different electrospun/modified batches of fiber scaffolds. Six images were captured at six
different regions of each sample with a total culturing area of 3.62 mm2. The number of
hsF was counted using the image processing program, ImageJ (National Institutes of
Health).

Figure 3.17. CLSM image of hsF nuclei after 4 days of culture for cell counting to
determine the rate of proliferation on an ion beam treated PVA fiber scaffold.
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3.7.5 Scanning Electron Microscopy
The Scanning Electron Microscope (SEM) is primarily used to study surface
morphology. Higher magnification and depth resolution are achieved by shorter
wavelength of the incident particles. To obtain high resolution, electron energies in the
range of 1 keV to 30 keV are normally used to achieve ~5nm resolution.
As the primary e' beam probes along the material surface, the interaction between
the beam and the specimen causes a range of characteristic phenomena, such as elastic
scattering (backscattered electron) or inelastic scattering (secondary electron, electron
beam and orbiting (or weakly bonded) electron interaction, ejection of the new electrons).
These phenomena allow us to obtain different information of the specimen. To do
topographical imaging, only secondary e' formed in multiple inelastic scattering
processes with kinetic energies lower than 50 eV are used. After secondary e‘ are
detected in their current as a function of the probe position, the microscope image
consists of a plot of the current against the probe position on the surface. The yield of
secondary e' is independent of the atomic number; i.e., every element is displayed on the
image with equal intensity. Several other processes may change the intensity in a
micrograph, but the major variations are from surface topography. Because of the very
small primary e" beam spot (1—10 nm for field-emission SEM), SEM images can have
large depth of field, which allows us to observe more features at slightly different depth
of focus at the same time and increases the sharpness of the image. Overall, the SEM
image is a direct image of the real surface structures (assuming an ideally conductive
surface).
The dimension and morphology of the fibers for all studies, including AFM
mechanical measurements, were determined from SEM topological images, which were
obtained with a Leo 1530 or Leo 1540XB (LEO Electron Microscopy Ltd) at 1 - 2 kV.
ImageJ was used to analyze the SEM images to determine the dimension of the fibers. No
conductive coating was applied to most of the samples except fibroblasts cultured
samples.
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For fibroblasts cultured samples, we first washed the samples twice with PBS for
10 minutes each to remove growth media and any unattached hsF. They were then fixed
using 4 wt% paraformaldehyde in PBS for 2 hours. Subsequently, the samples were
dehydrated in an ascending series of graded ethyl alcohols (70, 80, 90 and 100%) for 15
minutes each. The drying process for the samples was completed with a critical point
dryer (EMS-850, Electron Microscopy Science). Prior to the SEM observation, a Denton
Desk II was used to sputter-coat (15 mA for 100 seconds) the sample with a conductive
gold-palladium layer.

3.7.6 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a highly sensitive surface analysis
technique to determine the elemental composition, chemical stoichiometry, chemical
state and electronic state of the elements that exist at a sample surface. XPS uses low
energy X-ray photons to penetrate the surface and excite the core electron of each
individual atom in the sample. The excited electron experiences inelastic or elastic
collision on its way out through the surface. The kinetic energy of an electron that
escaped from the surface is equal to the difference between the incident photon’s energy
(hv) and the binding energy of the electron in the atom (including a correction for the
work function of the electron energy analyzer). The kinetic energy of electrons released
at greater depth is further reduced by inelastic collision events that occur along the escape
path for the electron, limiting the analysis to electrons of maximum kinetic energy. This
is the reason that the analysis depth of XPS is limited to 1 - 10 nm from the surface.
Two different resolutions of spectra are generally collected with the XPS
technique. First, a survey spectrum scans and reveals the elemental composition of the
surface. The number of electron is independent on the chemical state, each electron
detected at a particular kinetic energy represents one specific element present at the
sample surface; the number of electrons can be used to quantify each element. XPS is not
able to detect hydrogen because it has “no” binding electron. The high-resolution
spectrum with no more than 15 eV energy range at each element found in the survey
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spectrum can also be collected for detailed chemical bonding characterization. Every
orbiting electron in an atom is sensitive to the chemical environment of the atom; the
binding energy shift is dependent on the chemical state and the molecular structure. The
hydrocarbon bond in Cis (Carbon Is core-level state) spectrum has a 285.0 eV binding
energy and is often used as a reference energy number. A shift occurs if a carbon atom
binds with different atoms or in a different chemical state. For example; C-N -> 286.0
eV, C-O-C -> 286.5 eV and C=0 -> 288.0 eV. This shift occurs similarily for all other
elements, thus a detailed peak analysis can be used to calculate the respective ratio of
occurrence of different chemical groups. Unfortunately some binding energy shifts for
similar molecular structures are very close, for example: C -0 and C-N are at 286.5 and
286.0 eV, respectively. No practical method in XPS exists to precisely distinguish the
two signals in cases like this. Other analysis techniques, e.g. FTIR, are needed to identify
the presence of these two chemical functionalities.
The XPS system from Kratos Axis Ultra with a 210 W Al-K<, monochromatic
source was used to analyze chemical modifications resulting from the ion beam treatment
of the fibers. It features a magnetic immersion lens and a charge neutralization system
with a Spherical Mirror Analyzer. Any electrically non-conductive sample can be
analyzed using the charge neutralization system. The Spherical Mirror Analyzer uses a
full range of pass energies to give chemical state and elemental imaging. The
combination of the magnetic lens and selected area apertures is capable to provide an
exceptionally small X-ray beam spot (< 15 pm) Using the advanced zoom optics gives a
clear view for the identification of any microscopic features on the sample surface. For
this study, the pass energy of the survey scan was 160 eV and the high-resolution scan
was 20 eV. The program CasaXPS (Casa Software Ltd.) was used to construct and curvefit multiple peaks for the data envelop that appeared in the core-level energy spectra
based on the CasaXPS built-in Marquardt-Levenberg [290] optimization algorithm.
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3.7.7 X-ray Diffraction
X-ray diffraction (XRD) is used to determine the inter-atomic spacing of the
repetitive atomic structures in a crystalline or semi-crystalline solid. The X-ray
diffraction pattern is produced by constructive interference of scattered X-rays from a
crystalline structure. By using Bragg’s Law in the form: 2 = 2d sin#, the distance between
similar atomic planes, d, can be determined by the angle of diffraction, 0.
XRD spectra were collected using a Rigaku - Rotaflex RU-200BH diffractometer
with a Co-IQ radiation (wavelength X = 1.79 Â) source operating at 30 kV and 44 mA.
The 2d spectra were scanned from 16.0° to 32.0° with a 0.1° step size. The diffraction
peaks were analyzed by fitting Pearson VII function [291] as:

,

4 (2 /m - 1 )

s2

y - y « 1 + ------- ;----- ( x - x c)

w

[4]

where m is the shape factor with the value set at 1, w is the full width at half maximum
(FWHM) and xc is the center of the peak. Figure 3.18 shows an XRD spectrum of asspun PVA fibers. The shown X-ray peak at 2d = 22.8° corresponds to a ¿/-spacing of 4.5

A. The FWHM of the peak was determined from the fit and has a value of 3.46°.
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Figure 3.18. XRD spectrum of as-spun PVA fibers fitted with Pearson VII function.
The average crystallite size (P) was estimated by using Scherrer’s equation [292]:

P =

k )l
(w cos 9)

[5]

where w is again FWHM in radians, 9 is the Bragg’s angle, and k = 1 (or 0.9) is a
constant and related to several aspects including the shape of the crystal and the Miller
index of the reflecting crystallographic planes and crystallite shape. The calculated
crystallite size of the as-spun PVA fibers is 3.5 ±0.1 A.
The X-ray diffraction pattern of PVA shows crystalline peaks, which are
superimposed on an amorphous halo as shown in Figure 3.18. The degree of crystallinity
(.Xc) was determined from the ratios of the areas under the crystalline peaks and the
respective halos using the method of Hermans and Weidinger [293, 294]:

X c( %) = \ -

o

AM

o *A M

[ 6]
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where Oam is the area of amorphous (halo) region determined from Figure 3.18. For asspun PVA fibers, the degree of crystallinity was determined from DSC to have a value of
57%, which is close to the reported value of PVA films prepared by a solution casting
method [295], This value is used to extrapolate the value of 0 * am for the totally
amorphous PVA. The average inter-crystallite separation (R) in the amorphous region of
the fibers was evaluated from the position of the maximum of the amorphous halo [296]:
5A
R = --------8 sin B
The calculated average inter-crystallite separation in as-spun PVA fibers is 5.7 A.

[ 7]
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Chapter 4: Results

This chapter starts with a fundamental study on the production of PVA fibers
using the electrospinning technique (Section 4.1). The effects of three electrospinning
parameters: applied voltage, polymer solution concentration and tip-to-collector distance
on fiber diameter and fiber morphology are investigated. Subsequently, mechanical
properties of individual PVA fibers are measured using AFM (Section 4.2). Elastic
moduli of as-spun PVA fibers as a function of fiber diameter and ambient humidity are
determined.
PVA fibers, as spun, are not stable in an aqueous environment including cell
culture media. Moreover, PVA, being very hydrophilic, does not have good cell adhesion
properties. In order to consider the use of these fibers in biomedical applications, these
issues have to be overcome.
For stability in an aqueous solutions and cell culture media, an annealing
treatment above room temperature is used (Section 4.3).
To promote cell compatibility, the surface of the fibers is modified by a low
energy, broad spectrum nitrogen or helium ion beam. This treatment has the added
advantage of also rendering the ion implanted fibers stable in water (Section 4.4). In-vitro
cell compatibility of the annealed and ion implanted PVA fibers is assessed using
primary human skin fibroblasts (hsF) as a function of ion species, ion dosage and fiber
orientation on cell attachment, cell morphology and cell proliferation (Section 4.5).
Figure 4.0 is a flow-chart illustrating the outline of this chapter.
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Aqueous Stability
(Section 4.3)

In-vitro Assessment of
Modified Fibrous
Scaffolds
(Section 4.5)
Cell-Compatibile PVA
Fibrous Scaffolds for Tissue
Regeneration Applications

Figure. 4.0. A flow-chart illustrating the outline of this chapter.

4.1 Fabrication of PVA Fibers Using Electrospinning Technique
Fiber production based on the electrospinning technique depends on a wide range
of parameters. None of these parameters can be neglected as they all critically affect fiber
formation, final fiber diameters and morphology. In Table 4.1, we divide these
parameters into three groups as they are related to the solution, the electrospinning
process and the ambient environment.
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Table 4.1. Three groups of electrospinning parameters.
Solution Parameters

Operating Parameters

Ambient Parameters

Viscosity of solution

Applied voltage

Temperature

Polymer molecular weight

Tip-to-collector distance

Humidity

Polymer concentration

Solution feeding rate

Atmospheric pressure

Electrical conductivity

Type of collector

Evaporation rate
Surface tension
Temperature

Some of the parameters are strongly coupled to each other, for example, solution
feeding rate and evaporation rate (higher solution feeding rate is necessary for a solution
with high evaporation rate to maintain the continuity of the polymeric jet). Such
parameters and coupling effects can be examined using a design of experiments (DoE)
within the context of response surface methodology [297, 298], Among the parameters in
Table 4.1, we simplify our study and focus on three parameters: polymer solution
concentration, voltage and tip-to-collector distance. These were chosen because they are
the most accessible, controllable and reproducible parameters as we are interested in
polymer fibers of a particular diameter range (100 to 500 nm).
As Figure 3.2a and b showed, our electrospinning setup is located inside a fume
hood, i.e., we cannot separate our system from the laboratory environment. The impact of
ambient temperature, humidity and air pressure on the evaporation rate of the DI water /
ethanol solvent system and the equilibrium humidity in the polymer jet can affect the
fiber formation and final diameter, which we therefore must keep in mind at every stage
of this study. We addressed these issues by adjusting the polymer concentration, voltage
and tip-to-collector distance to offset the effect of the ambient parameters to obtain
smooth fibers with a relatively narrow diameter range.
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4.1.1 Effect of PVA Concentration on Fiber Diameter
The concentration and molecular weight of the polymer in the solution play a
significant role in the resulting fiber diameter and the adverse bead formation in
electrospinning. Higher polymer concentration and molecular weight increase the degree
of polymer chain entanglement in the solution [299], which allows the electrically
charged polymer jet to carry more polymer chains to form larger diameter fibers. If the
entanglement is below a certain limit and not uniform in the solution, beads are formed
along with smaller diameter fibers. On the other hand, if the concentration of the polymer
is above a certain limit, the high cohesiveness in the solution due to the polymer chain
entanglements may prevent the formation of a Taylor cone at the tip and subsequent fiber
formation.
We first varied the PVA concentration in the 80 % DI water and 20 % ethanol
solvent system to optimize the fibers diameter and morphology under a constant applied
voltage and tip-to-collector distance for our electrospinning setup. The applied voltage
and tip-to-collector distance for all solutions were set at 22kV and 15 cm, respectively.
Figure 4.1(a-c) show the SEM images of the PVA fibers obtained from solutions with
8.5, 9.5 and 10.5 wt % of PVA, respectively. The fibers are smooth and free of beads.
The average fiber diameter was determined from 400 fibers randomly imaged (SEM)
from 5 samples for each concentration. The solution with 8.5 wt% of PVA produced
fibers with an average diameter of 280 nm with a standard deviation (SD) of 100 nm.
This concentration turned out to be the lower limit to produce smooth, bead-free fibers
while using this set of process parameters. When we increase the concentration of PVA
by 1 wt% to 9.5 wt%, we increase the fiber diameter to an average value of 330 ± 100
nm. The highest concentration of PVA we use in this study is 10.5 wt%. It produces
fibers with the largest average diameter, with a value of 490 ±110 nm. The distributions
of the fiber diameters for the three solutions are shown in Figure 4.2. Note that the
differences between these distributions are statistically significant (p < 0.05).
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Figure 4.1. (a-c) SEM images of PVA fibers fabricated from 8.5, 9.5 and 10.5 wt%
solutions, respectively.
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Figure 4.2. Histograms of the fiber diameters along with best-fit normal distribution
obtained from the three solutions at 22 kV applied voltage and 15 cm tip-to-collector
distance. (The data are fitted with Gaussian distribution function)

4.1.2 Effect of Electric Potential on Fiber Diameter
The polymer solution with 9.5 wt% of PVA was electrospun using potentials in
the range of 20 to 26 kV applied voltage with a constant tip-to-collector distance of 15
cm to produce smooth bead-free fibers. Higher applied voltages were not feasible
because they increase the mass of polymer extracted from the Taylor cone. The
polymeric solution in the Taylor cone then becomes electrically over-charged and
subsequently splits into multiple jets [300], With multiple jets, the resulting fibers are
usually less uniform in diameter.
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Figure 4.3a shows the diameter distributions of the fibers produced with an
applied voltage of 20, 22, 24 and 26 kV. The average fiber diameter was determined from
400 fibers randomly imaged with SEM from 5 samples obtained at each applied voltage.
At the lowest applied voltage of 20 kV, the fiber diameter is 280 ± 90 nm. For voltages
below 20 kV we were unable to produce a polymeric jet from the Talyor cone. As the
applied voltage increased, more mass of polymer is extracted and providing a larger
polymeric jet. At 22 and 24 kV, the fiber diameters increased to 330 ± 100 and 390 ± 130
nm, respectively. With the highest applied voltage of 26 kV, the fiber diameter was 410 ±
130 nm. Although, we were not able to determine whether the polymeric jet remained
coherent or split into multiple jets at 24 and 26 kV, the obtained fiber diameter
distribution was significantly broader than at lower applied voltages.

4.13 Effect of Working Distance on Fiber Diameter
The working distance between the tip and the collector determines the flight time
of the fiber for the whipping process. A longer distance extends the flight time to allow
for greater stretching of the polymeric jet and more solvent to be evaporated. A smaller
fiber diameter is expected at increased working distance. Figure 4.3b shows the effect of
the working distance on the fiber diameter. A solution with 9.5 wt% of PVA was used to
produce fibers at 24 kV; three different working distances were set at 10, 15 and 20 cm.
The smallest fiber diameter of 290 ± 80 nm was obtained from the working distance at 20
cm. If the applied voltage is set constant, an increase in the distance decreases the electric
field gradient. 20 cm was the longest possible distance to successfully obtain fiber
formation at 24 kV. The fiber diameter distribution increased to 390 ± 130 nm and 380 ±
110 nm as the distance was shortened to 15 and 10 cm, respectively. The results at 15 cm
and 10 cm were not significantly different (p > 0.05).
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Figure 4.3. (a) Histograms of the fiber diameter along with best-fit normal distribution
obtained from a solution with 9.5 wt% of PVA at 15cm tip-to-collector distance with
potential difference of 20, 22, 24 and 26 kV. (b) Histograms of the fiber diameter along
with best-fit normal distribution obtained from a solution with 9.5 wt% of PVA using 24
kV potential difference at 10, 15 and 20 cm tip-to-collector distance.

4.2 Mechanical Properties of Electrospun PVA Nanofibers
In order to mimic the mechanical properties of a native extra cellular matrix,
understanding the material properties of the individual fibers in a scaffold is essential for
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optimizing the scaffold design in term of fiber orientation [152, 161]. Using the
experimental procedures and analytical methods described in Chapter 3, section 3.6, the
mechanical properties of individual electrospun PVA fibers were measured at room
temperature (RT) with < 9% relative humidity (RH) and the Young’s moduli of the fibers
were determined. Table 4.2 lists five individual PVA fibers with their dimensions and the
AFM (force-volume mode) operating parameters used for the measurements. The ramp
size and threshold value were adjusted such that the force spectrum showed one third of a
deflection contact signal and two third of the non-contact signal. The choice of the
cantilever depends on the mechanical properties of the fiber. A cantilever with a larger
spring constant is necessary for stiffer fibers in order to obtain a reasonable level of fiber
deflection along the suspended portion. The data in this study are all reported with a ramp
rate of 5 Hz, since the fiber must return from a deformation state to its equilibrium state
prior to the next force measurement. The ramp rate of up to 7 Hz was tested and still
obtained reproducible force curves. This indicates that the fiber relaxes at an even faster
rate because ramp rates that are too high would not allow sufficient time for the fiber to
return to its equilibrium state. For the reported data we chose a more conservative ramp
rate of 5 Hz.
Table 4.3 lists the value of the area moment of inertia, the elastic modulus as well
as their uncertainties for the individual fibers. The analytical uncertainty is the error from
the single-parameter fit to the data, as shown in Figure 3.16. The experimental
uncertainties include the uncertainty in the spring constant calibration and the standard
deviation of the measurements on the fiber diameter. The combination of the two
uncertainties is reported throughout this study.
Note that none of fibers tested in this study possess an anisotropic core-shell
structure as the AFM force-volume data show good agreement with the clamped beam
model, which is based exclusively on tensile deformation [185]. Good reproducibility and
consistency of these results were found by further repeating the measurements on
randomly selected fibers.
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Table 4.2. The dimensions of five individual PVA fibers and the respective AFM (force
volume mode) operating parameters.
Cantilever
Fiber #

¿(pm )

D (nm)

7(m4)

Scan size

Scan rate

spring’s

(pm)

(Hz)

constant
(N/m)

1

7.9

249 ± 5

(1.9 ± 0.2)xl0'28

7.5

2

8.1

255 ± 7

(2.1 ±0.2)xl0’28

8.25

3

7.9

258 ± 6

(2.2 ± 0.2)xl0’28

7.5

4

7.5

215 ± 4

(1.06 ± 0.07)xl0'28

7

5

8.0

246 ± 5

(1.8 ± 0.2)xl0'28

8

5

0.27 ±0.01

Table 4.3. The nanomechanical measurement results of the individual fibers.
Fiber #

± Analytical

± Experimental

uncertainty (GPa) uncertainties (GPa)

Elastic
Modulus (GPa)

1

0.1

0.3

2.7 ±0.3

2

0.2

0.6

5.1 ±0.8

3

0.2

0.4

4.0 ±0.5

4

0.2

0.3

3.7 ±0.5

5

0.1

0.3

3.2 ±0.4
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Figure 4.4. SEM images of a fiber (a) before and (b) after the AFM nanomechanical
measurement. The fiber remained well anchored and its position was unchanged.

SEM images (Figure 4.4) were taken of the fiber (a) prior to and (b) after the
AFM nanomechanical measurement. By comparing the two images, we ensured that the
AFM measurement did not relocate the fiber, and the suspended length remained
unchanged.

4.2.1 Role of Fiber Diameter on Mechanical Properties
Figure 4.5a shows the elastic moduli of a total of 73 PVA fibers with diameters
ranging from 106 to 370 nm. The average elastic modulus of all PVA fibers with an
average diameter of 200 ± 80 nm was estimated to be 16 ± 11 GPa. The elastic moduli of
PVA fibers exhibited a significant size-dependence, increasing from 1.5 to 40 GPa as the
diameter decreases from 370 to 106 nm. Most of these values of the elastic modulus were
significantly higher than the PVA bulk modulus of 1.7 GPa [301]. The data set was
divided into three groups based on the diameter of the fibers (100 - 200, 200 - 300 and
300 - 375 nm) and plotted against the average elastic modulus (±SD) of each group.
These data are shown in Figure 4.5b. A statistical test, One-way ANOVA, was used and
confirmed that the results are significantly different from each other. Table 4.4 lists the
one-way ANOVA results, the average elastic modulus £avg and the number of fibers (n)
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of each diameter group. The elastic modulus of PVA fibers exhibited a significantly
strong size-dependence in diameter from 100 to 375 nm.
We anticipated that the elastic modulus of PVA fibers would increase continually
as the diameter decreases below 100 nm. Similar size-dependent effects were observed
for other electrospun polymer fibers [173, 174] and were attributed to the size increase of
the supramolecular structure [174], consisting of aligned domains of the polymer chains.
These results showed that the diameter onset of this size-dependent effect was polymer
dependent. Elastic moduli in the comparison study [174] were reported to increase
exponentially over a wider diameter range than our data suggest (Figure 4.5).

a

68
b

Figure 4.5. (a) Plot of elastic modulus vs. diameter of 73 PVA fibers, (b) Plot of the
average elastic modulus in 3 diameter ranges.

Table 4.4. One-way ANOVA results of the three diameter groups.
n

iEavg ± SD (GPa)

100 - 200 nm

41

24 ± 7

200 - 300 nm

21

8± 4

300 - 375 nm

11

3± 1

100-200 nm 200 - 300 nm 300 - 375 nm
V

—

V

—

S
—
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4.2.2 Role of Ambient Humidity on Mechanical Properties
In this study, we determined the influence of relative humidity on the elastic
modulus of PVA fibers by performing the AFM measurement at room temperature and at
humidity of 9 ± 1% and 32 ± 1% RH. A hygrometer (Traceable Calibration Control
Company) was used to monitor the controlled RH level in the chamber during the
measurement.
Ten PVA fibers were first measured using the AFM at 32% RH. The
measurements were then repeated on each fiber after they were kept in nitrogen (N2) gas
ambient (9% RH) for two hours in a custom-built chamber adjacent to the AFM unit.
This ensures the water content of the fibers to reach equilibrium with the N2 gas ambient
environment. Table 4.5 summaries the elastic moduli of the ten fibers measured at the
two different RH levels. At RH < 9%, the average elastic modulus was 3.9 ± 0.7 GPa.
Since the PVA fibers were not chemically cross-linked with covalent bonds, the non
bonded inter-chain interactions include hydrogen bonds; van der Waals and electrostatic
interactions play a crucial role in determining the mechanical properties of PVA.
Increasing the RH to 32% significantly (one-way ANOVA, p < 0.05) decreased the
average value to 2.8 ± 0.8 GPa. PVA is a hydrophilic polymer, and readily dissolves in
DI water. At high relative humidity, a larger number of water molecules between the
hydrophilic PVA chains weakened the inter-chain interactions [302] and thereby
increased the intermolecular freedom for the polymeric molecules. This induced a
plasticization effect in the polymer matrix and consequently weakens the mechanical
properties. The increase in this plasticization effect of moisture in the PVA fibers is
responsible for the 40% average reduction in their elastic moduli.
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Table 4.5. The dimensions and elastic modulus of ten PVA fibers at RH of 9 % and 32 %.
RH at 9%
Fiber #

Length (pm)

Diameter (nm)

1

7.9

2

RH at 32%

Elastic modulus Elastic modulus
(GPa)

(GPa)

249 ± 5

2.7 ±0.3

2.1 ±0.3

8.1

255 ± 7

5.1 ±0.8

4.0 ±0.6

3

7.9

258 ± 6

4.0 ±0.5

2.0 ±0.3

4

7.5

215 ± 4

3.7 ±0.5

3.2 ±0.4

5

8.0

246 ± 5

3.2 ±0.4

2.2 ±0.3

6

5.7

213 ± 4

3.9 ±0.5

1.9 ±0.3

7

7.8

206 ± 8

3.4 ±0.7

2.7 ±0.6

8

6.5

201 ± 3

4.2 ±0.4

2.6 ±0.3

9

8.6

212 ± 3

4.4 ± 0.4

3.7 ±0.4

10

7.0

202 ± 7

4.1 ±0.8

3.4 ±0.6

230 ± 20

3.9 ±0.7

2.8 ±0.8

Mean ± SD

4.3 Improve Aqueous Stability and Mechanical Properties of PVA
Fibers Using Thermal Annealing
Figure 4.6 shows an SEM image of as-spun PVA fibers displaying very poor
stability in DI water. As the left side of the image shows, the fiber structure has
completely disappeared and a film with no porosity was formed after immersed in de
ionized (DI) water for 1 minute. Although PVA is biocompatible, it readily dissolves in
water. It must be stabilized to realize its potential in biomedical applications in nanofiber
form. In this study, a thermal annealing approach is used to improve the aqueous stability
of electrospun PVA fibers.
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Figure 4.6. SEM images of as-spun PVA fibers after immersed in DI water for 1 minute
(area affected at the left side).

4.3.1 Effect of Annealing on the Aqueous Stability of Fibers Temperature
To investigate the enhancement of aqueous stability of PVA fibers by annealing,
four samples with average fiber diameter in the range of 244 to 270 nm were heat treated
separately at 85, 110, 135 and 160 °C for 4 hours each. SEM images of these fibers after
heat treatment are shown in Figure 4.7a - 4.10a, respectively. In all cases, the fibers
showed no significant morphological and size (diameter) changes after treatment. These
samples were then immersed in DI water for 1 day and re-examined with SEM. The
results are shown in Figure 4.7b - 4.10b. The sample treated at 85 °C and shown in
Figure 4.7b was partially dissolved, leading to a reduction in fiber diameter and porosity
of the fibrous structures. Annealing at 110 °C also resulted in partial dissolution,
however, in this case the aqueous instability led to fusion of some of the fibers into
bundles. As a result, they are no longer cylindrical and a slight reduction in the average
diameter was observed (Figure 4.8b). The porosity of the woven structure was also
reduced. Fig. 4.9b and 4.10b show the SEM images of the samples treated at 135 and 160
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°C, respectively, after immersed in DI water for 1 day. The morphology and average fiber
diameter of these two samples remained unchanged, indicating good aqueous stability.
To investigate the longer term stability, all heat treated samples were re-immersed in DI
water for an additional 10 days and 30 days. The results are summarized in Figure 4.7c 4.10c and Figure 4.7d - 4.10d, respectively. These results are similar to those shown in
Figure 4.7b - 4.10b after immersion in DI water for 1 day, indicating no further
dissolution beyond day 1.
To quantify the aqueous stability of these fibers under the four different annealing
conditions, the average fiber diameters (250 randomly selected fibers from 3 samples in
each case) of samples corresponding to Figure 4.7a-d, 4.8a-d, 4.9a-d and 4.10a-d were
determined and are summarized in Figure 4.11. Heat treatment at 85 °C allowed for a
significant reduction in average fiber diameter from 270 ± 60 nm to 46 ± 14 nm (the
uncertainties are SD) after 1 day immersion in DI water, but then remained unchanged
after 10 days and 30 days. Treatment at 110°C led to a lower degree of fiber size
reduction after 1 day in DI water. The average fiber diameter decreased by 34 % to 190 ±
50 nm. However the average fiber diameter increased from 190 to 220 nm after immersed
in DI water for 10 days. This increase is due to the bundling of some of individual fibers
as shown in Figure 4.8c. Thereafter, the fiber diameter remained unchanged for up to 30
days in DI water. Contrast to these results, fibers treated at 135°C and 160°C were stable
from day 1 to day 30 in DI water. Both the morphology and average fiber diameter
remained unchanged. These 30 days stability test results provide sufficient confidence to
allow for extrapolation of stability of these annealed fibers to significantly longer time
point.
The increase in aqueous stability of electrospun PVA fibers can either be a result
of chemical, physical or a combination of these changes since it has been established that
thermal annealing of bulk PVA does not result in chemical change (except various degree
of carbonization) but in a change in the degree of crystallinity [60, 61]. The most likely
explanation of our observation is an increase in fiber crystallinity, although the
morphology of the PVA fibers is significantly different from that of bulk PVA. For a
given treatment time, there is a threshold temperature above which these fibers become
stable in an aqueous solution. This is an important requirement for biomedical and other
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applications in an aqueous environment. For a heat treatment time of 4 hours, the
minimum temperature to obtain stable PVA fibers is -135 °C.
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Figure 4,7. SEM images of PVA fibers with 4 hours of 85 °C annealing treatment after
(a) annealing, (b) immersed in DI water for 1 day, (c) immersed in DI water for 10 days,
and (d) immersed in DI water for 30 days.
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Figure 4.8. SEM images of PVA fibers with 4 hours of 110 °C annealing treatment after
(a) annealing, (b) immersed in DI water for 1 day, (c) immersed in DI water for 10 days,
and (d) immersed in DI water for 30 days.
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Figure 4.9. SEM images of PVA fibers with 4 hours of 135 °C annealing treatment after
(a) annealing, (b) immersed in DI water for 1 day, (c) immersed in DI water for 10 days,
and (d) immersed in DI water for 30 days.
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Figure 4.10. SEM images of PVA fibers with 4 hours of 160 °C annealing treatment after
(a) annealing, (b) immersed in DI water for 1 day, (c) immersed in DI water for 10 days,
and (d) immersed in DI water for 30 days.
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Figure 4.11. Fiber diameters after 4 hours of annealing at 4 different temperatures; at 5
different stages during the stability test in DI water. (The error bars are SD)
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4.3.2 Effect of Annealing on the Aqueous Stability of Fibers - Time
The effect of annealing time on fiber stability was investigated at 110 and 135 °C
with time varying between 30 minutes and 8 hours. The results are summarized in Figure
4.12. The morphology of fibers treated for 8 hours at 110 °C is shown in Figure 4.12a
after immersed in DI water for 10 days, which is a treatment very similar to that for 4
hours (Figure 4.8c), i.e., the extra 4 hours at this temperature did not further improve the
stability of the fibers in DI water.
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Figure 4.12. SEM images of PVA fibers with (a) 8 hours of 110 °C (b) 30 minutes of
135 °C, and (c) 1 hour of 135 °C treatment after immersed in DI water for 10 days.

The results for heat treatment at 135 °C for 30 minutes and 1 hour are shown in
Figure 4.12b and 4.12c, respectively. From Figure 4.12b, it can be seen that even for a
short treatment time, the fiber stability was significantly improved and the cylindrical
shape of the fibers was largely retained, but some of the fibers stuck together to form
bundles. Close examination of their surface at some intersection points (e.g. in Figure
4.13) also indicated an increase in surface roughness of the fiber, which is a sign of
selective dissolution. This indicates that 30 minutes heat treatment at 135 °C is not
sufficient to establish reliable stability of the fibers.

Figure 4.13. High resolution SEM image of the sample shown in Figure 4.12b.
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When the treatment time was increased to 1 hour, the SEM results shown in
Figure 4.12c indicate good fiber stability, comparable to that shown in Figure 4.8c after 4
hours of 13 5°C annealing. The fibers maintained their smooth surface, similar to that of
the as-spun fibers, and did not bundle together. The average fiber diameter also exhibited
no change over the entire series of experiments (180 ± 30 nm for as-treated and 175 ± 30
nm after immersed in DI water for 10 days), indicating that for fiber stability in DI water,
a heat treatment of 1 hour at 135 °C is sufficient.
These results are consistent with the assumption that the increase in fiber stability
is associated with an increase in fiber crystallinity. A minimum temperature is required to
allow polymer chain mobility within the fiber, which is a prerequisite for the creation of
sufficient crystallinity. On the other hand, once this temperature is reached, the time
required to achieve stability is only a function of the polymer chain mobility.

4.3.3 Effect of Annealing on Mechanical Properties
The change in mechanical properties associated with increased nanofiber stability
in DI water by heat treatment was also investigated. 16 fibers with diameters ranging
from 150 to 250 nm were analyzed using the AFM based bending test before thermal
treatment. This yielded a mean elastic modulus of 4.4 ± 1.4 GPa (the uncertainties are
SD). These fibers were then annealed for 4 hours at 135 °C. During annealing the fiber
diameter range decreased significantly to 135 - 230 nm (one-way ANOVA, p < 0.05)
which corresponded to a diameter reduction of about 10 % for each fiber. A bending test
using the AFM was again applied to determine the elastic modulus of these 16 fibers after
heat treatment. The results showed a significant increase in the elastic modulus of all
fibers to a mean value of 7.6 ± 2.3 GPa. This is a significant increase of 80 % (one-way
ANOVA, p < 0.05) over the fibers before treatment. The summarized results are provided
in Table 4.6.
It is interesting to note that for fiber samples used in the fiber stability study (4
hours at 135 °C and shown in Figure 4.9), we did not observe any statistically significant
change in diameter for 250 randomly selected fibers pre- and post-treatment (Figure 4.11).
Although the same fiber samples were used for these measurements, the regions selected
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within the sample were not the same pre- and post-treatment. The random variation in
fiber size led to similar average diameters (250 ± 50 nm vs. 270 ± 50 nm). On the other
hand, for the fibers used to determine the elastic modulus, the diameter of each of the 16
fibers was measured and compared both before and after the treatment. This allowed us
to measure the heat treatment effect on the diameter of each fiber individually.

Table 4,6. The dimensional and elastic modulus changes of individual fibers before and
after 4 hours of 135 °C annealing.
Pre-annealing

Post-annealing

Fiber #

Length
(pm)

Diameter
(nm)

1

3.6

252 ± 7

Elastic
modulus
(GPa)
2.7 ±0.6

2

3.4

183 ± 3

3

4.5

4

Length
(pm)

Diameter
(nm)

3.6

232 ± 7

Elastic
modulus
(GPa)
4.1 ±0.7

4.5 ±0.6

3.2

164 ± 4

6.3 ±0.6

199 ± 4

4.1 ±0.6

4.5

182 ±3

7.9 ±0.9

3.7

207 ± 5

2.7 ±0.3

3.7

179 ±3

7.3 ±0.9

5

3.5

181 ± 3

6.1 ±0.8

3.5

161 ± 3

8.6 ±1.1

6

3.3

191 ± 2

5.7 ±0.7

3.2

178 ± 2

8.4 ± 1.0

7

3.8

238 ± 5

2.6 ±0.3

3.9

217 ± 3

5.8 ±0.9

8

4.7

153 ± 2

6.3 ±0.7

4.6

135 ± 3

8.5 ±0.9

9

4.2

242 ± 3

4.0 ± 0.4

4.2

220 ±3

6.2 ±0.7

10

3.9

200 ± 5

5.1 ±0.7

3.9

185 ±3

6.8 ±1.1

11

3.9

223 ± 3

4.6 ±0.6

3.8

199 ±3

8.8 ± 1.2

12

4.4

172 ± 4

3.5 ±0.5

4.4

147 ±3

6.0 ±0.8

13

3.6

205 ± 4

6.7 ±0.8

3.5

190 ± 4

13.8 ±2.0

14

5.0

217 ± 4

5.5 ±0.7

5.0

189 ± 5

9.0 ± 1.3

15

4.4

225 ± 3

2.6 ±0.3

4.3

206 ±3

5.0 ±0.6

16

4.8

213 ± 5

4.1 ±0.6

4.7

190 ± 4

9.6 ± 1.5

210 ± 30

4.4 ± 1.4

190 ±30

7.6 ±2.3

Mean ± SD
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4.3.4 Effect of Annealing on Crystallinity
Figure 4.14 shows XRD spectra of as-spun PVA fibers and the fibers treated with
the four different annealing conditions. The peak at 29 = 22.8° shows a gradual decrease
in the FWHM as the annealing temperature increases. This is an indication of an increase
in the crystallite size in the PVA matrix as a function of annealing temperature. From
Equation 4 described in Chapter 3, section 3.7.7, we determine that the crystallite size of
as-spun PVA fibers increases from 3.5 to 5.2 nm after annealing for 4 hours at 85 °C, and
increases to 6.9 nm as the annealing temperature is elevated to 160 °C. The degree of
crystallinity (Xc) (Equation 5 in Chapter 3, section 3.7.7) of the fibers is 62 ± 1 % after
annealing for 4 hours at 85°C. The value o fX c increases as the annealing temperature is
increased and reaches a value of 81 ± 1 % at an annealing temperature of 160 °C. The
summarized results are provided in Table 4.7.

160°C - 4 hr
135°C - 4 hr
110°C —4 hr
85°C - 4 hr
As-spun fibers

Figure 4.14. XRD spectra (in the range between 29= 16° - 32°) of PVA as-spun fibers,
and fibers after 4 hours of 85°C annealing, 4 hours of 110 °C annealing, 4 hours of
135 °C annealing and 4 hours of 160 °C annealing (arbitrary scale on intensity and offset
for clarity).
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Table 4.7. The results of XRD characterization of the as-spun PVA fibers and the fibers
after 4 hours of four different annealing temperatures.

As-spun fibers

4.6

Crystallite size
H
3.5 ±0.1

85 °C - 4 hr

4.5

5.2 ±0.1

5.7

62 ±1

110 °C —4 hr

4.5

6.2 ±0.1

5.7

68 ± 4

135 °C - 4 hr

4.5

6.6 ±0.1

5.6

74 ± 2

160 °C - 4 hr

4.5

6.9 ±0.1

5.6

81 ± 1

d - spacing (A)

Inter-crystallite
separation (A)
5.7

Xc(%)
(»=3)
57 ±3

The effect of thermal treatment on the crystallinity of PVA is further quantified
using an infrared spectroscopic method as outlined by Kennedy et al. [60] and Peppas
[61]. In Figure 4.15, the intensity of the 1141 cm'1 band, which is associated with the
symmetric C—C stretching mode, is shown to be sensitive to the degree of the
crystallinity of PVA. Further, the FTIR spectra of the electrospun PVA nanofibers show
that the intensity of the 1141 cm'1 band of the PVA fibers increases as annealing
temperature increases. On the other hand, the intensity and shape of the 1425 cm'1 band,
characteristic of —CH2— bonds, and the 1093 cm'1 band, characteristic of —CO—
bonds, remain unchanged as a function of annealing temperature. These three bands are
used to determine the vertical distances a and b as illustrated for the spectrum at 85 °C in
Figure 4.15. The ratio alb is a measure of the relative increase in the crystallinity of the
PVA fibers due to thermal treatment and will be one parameter reported in the summary
of our data on this system.
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Figure 4.15. FTIR spectra (in the range between 975 and 1550 cm'1) of PVA solution, asspun fibers, and fibers after 4 hours of 85°C annealing, 4 hours of 135°C annealing and 4
hours of 185°C annealing (arbitrary scale on absorbance intensity and offset for clarity).
The schematic of determining the ratio alb is also shown.

Table 4.8 summarizes our data on this system. It includes the Xc in the XRD
spectra and the ratio alb in the FTIR spectra obtained for PVA fiber samples (»=3) after
thermal treatment under the specified conditions. The results show the expected increase
in the crystallinity of PVA from aqueous PVA solution to the as-spun fibers. Further, at a
constant treatment time of 4 hours, we observe a systematic increase in fiber crystallinity
with increasing treatment temperature up to 185 °C. The decrease of the alb ratio at
210 °C is mostly likely due to proximity to the melting transition temperature of PVA as
determined by DSC (Chapter 3, section 3.7.1). At a constant annealing temperature of
110 °C, an increase in duration from 4 to 8 hours led to a significant increase in
crystallinity. On the other hand, at 135 °C, there is no change in crystallinity between 1
and 4 hours of annealing. Based on these results, a criterion for aqueous stability of
electrospun PVA nanofiber by thermal annealing can be formulated in terms of the alb
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ratio. A value of about 2.5 sets the boundary of fiber stability. With the alb ratio > 2.5,
the fibers become stable. Similarly, the boundary of fiber stability can also be defined
using the degree of crystallinity from XRD spectra, which is ~75 % and above as shown
in Table 4.8. These criterions can be used to determine the combination of treatment
parameters, such as temperature and time, to attain aqueous stability.

Table 4.8. Effect of annealing treatment on the crystallinity of electrospun PVA fibers.
Annealing
State

temperature
(°C)

Duration
(hour)

Ratio of a/b in

Xc from XRD

FTIR spectrum

(%)

(»=3)

(»=3)

Fiber
stability

PVA solution

-

-

0.09 ± 0.04

-

-

As-spun fibers

-

-

0.47 ± 0.05

57 ±3

no

Fibers

85

4

1.63 ±0.08

62 ±1

no

Fibers

110

4

1.86 ±0.02

68 ± 4

no

Fibers

110

8

2.16 ±0.08

-

no

Fibers

135

0.5

2.16 ± 0.10

-

no

Fibers

135

1

2.49 ± 0.02

—

yes

Fibers

135

4

2.46 ± 0.09

74 ± 2

yes

Fibers

135

8

2.73 ±0.11

Fibers

160

4

2.89 ±0.10

Fibers

185

4

3.10 ±0.08

-

yes

Fibers

210

4

2.88 ±0.05

-

yes

-

81 ± 1

yes
yes

4.3.5 Crystallinity and Mass of Annealed Fibers after Water Immersion
The annealing treatment increases the crystallinity, thus improving the aqueous
stability of the PVA fibers as a function of annealing temperature. For the low annealing
temperatures, 4 hours at 85 or 110 °C, the increases in crystallinity were not sufficient to
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allow the fiber become fully stable in an aqueous environment, as we observed a
significant decrease in fiber diameter after the annealed fibers were immersed in DI water
(section 4.3.1). Therefore, the mass losses related to the dissolved amorphous region of
fibers at 85 and 110 °C treated fibers were measured at value of 67 % and 50 %,
respectively. For the 135 and 160 °C treated fibers, the higher degree of crystallinity
caused good aqueous stability, associated with no significant mass loss after the exposure
to DI water.
XRD spectra were obtained again after the fibers were immersed in DI water for 1
day. The values of Xc are listed in Table 4.9. Since the amorphous region of the 85 and
110 °C treated fibers were dissolved in DI water, the fibers showed higher crystallinity
then the as-annealed fibers. For the 135 and 160 °C treated fibers, the values of Xc after
DI water immersion remain very close to their pre-immersed state.

Table 4.9. The crystallinity and mass loss of annealed PVA fibers after immersed in DI
water for 1 day.
Crystallite size
(nm)
85 °C - 4 hr

4.2 ±0.1

Xc (%)
(w~3)
71 ± 2

110°C - 4 hr

4.5 ±0.1

72 ± 1

50

135 °C ~ 4 hr

4.6 ±0.1

75 ± 1

0

160 °C - 4 hr

6.4 ±0.2

83 ± 1

0

Mass Loss
(%)
67

4.3.6 Effect of Annealing on Melting Temperature
In Section 4.3.4 we determined that the crystallinity of the PVA fibers increases
as the annealing temperature increases. Therefore, the corresponding shift of the melting
temperature is expected to be a function of annealing temperature. In Figure 4.16, five
heating DSC curves for as-spun PVA fibers as well as the fibers annealed at four
different temperatures are shown. From the top of the endothermic peak, we determined
the peak of the melting transition of each PVA sample by first derivative; the results are
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listed in Table 4.10. The melting transition peak of as-spun PVA fibers is found to be
227.7 °C, which is very close to the melting point of PVA reported in the literature [303],
After 4 hours of 85 °C annealing, the peak is shifted to 230.3 °C. The 110 °C sample
shows two distinctive peaks during the endothermic transition, which correspond to 227.5
and 232.5 °C. The lower peak of the 110 °C sample is equal to the as-spun fibers and the
higher one is identical to the 135 and 160 °C samples. The two results at 110 °C indicate
an onset of a transition stage, which can be correlated to two forms of crystalline
structure [304], While some region of the 110 °C annealed fibers are soluble like as-spun
fiber, and the rest are stable like the 135 and 160 °C samples for up to 30 day in DI water.

Table 4.10. The melting transition peak of the as-spun PVA fibers and annealed fibers.
Melting Transition
Tm(°C)
As-spun fibers

227.7

85°C - 4 hr

230.3

110°C —4 hr

227.5, 232.5

135°C - 4 hr

232.5

160°C - 4 hr

232.5
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Figure 4.16. DSC heating curves (in the range between 200 and 245 °C) of as-spun PVA
fibers and fibers annealed at four different temperatures, (arbitrary scale on heat flow and
offset for clarity)

4.4 Physical and Chemical Properties of Ion Beam Treated PVA Fibers
4.4.1 Ion Beam Treatment
The purpose of this part of the study is to demonstrate the potential of an ion
beam treatment to selectively induce intrinsic modifications to the mechanical and
chemical properties of electrospun PVA fibers. Of particular interest is our ability to
implant specific ion species, nitrogen [75, 76] or helium [74], both of which have an
effect on cell adhesion properties.
We converted a high-energy mono-energetic ion beam, generated from a
conventional ion implanter, into a low, poly-energetic beam using a Ta foil as an energy
diffuser. The energy of the beam is reduced and its distribution is broadened through the
collision/straggling process of the ions with the Ta atoms in the foil, providing for a
widened implantation zone [305], which in our case covers the range from the surface to
900 nm depth in PVA (theoretical SRIM value). To achieve the same result with a mono

88

energetic beam we would require multiple-energy implantation steps. The energy
widening further minimizes the energy-related damage, particularly near the surface,
which is a major concern with organic materials.

4.4.2 Effect of Ion Implantation on Fiber Diameters
The diameter distribution of the PVA samples was determined from 400
randomly chosen fibers on 10 SEM images captured randomly inside a 4 mm2 area before
and after the ion implantation. The samples for N+ and He+ treatments had as-grown
mean diameters of 120 nm with a SD of 20 nm and 95 ± 15 nm, respectively. The results
are shown in the histograms along with best-fit normal distributions in Figure 4.17.

Figure 4.17. Histograms of the fiber diameter along with best-fit normal distributions
before and after N+ and He+treatment.

Figure 4.18a shows a SEM topological image of the PVA non-woven fibers with
a diameter of 120 ± 20 nm before N+ treatment. Figure 4.18b shows a corresponding
image after exposure to 1.2 * 1016 N+/cm2. Visual comparison between these figures
indicates that the fiber diameter is reduced after ion beam treatment, which also alters the
porosity and the surface area to volume ratio of the scaffold, while the bulk porosity
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remains unchanged due to a relatively shallow (-900 nra in PVA) ion implantation range.
The histogram of fiber diameters before and after N+ treatment is shown in Figure 4.17.
The data confirm a significant reduction (one-way ANOVA; p < 0.05) in fiber diameters
by 27 % to 85 ± 20 nm, with a reduced diameter distribution from an original range of 60
-1 8 0 nm to 40 - 140 nm. This can be attributed to an ion beam induced annealing effect
[306] as the kinetic energy of the ions deposited in the fiber is to some extent converted
to thermal energy. During the chain scission and cross-linking processes, this thermal
energy may allow the polymer chains to become mobile and re-arrange their orientations
to minimize free space present in the original structure. Therefore, this effect on fiber
diameter is expected to be increased as a function of the N+ dosage and beam current
until excessive thermal degradation of the polymer occurs. Fiber damage was assessed
with high resolution SEM images of the fibers after N+ treatment (Figure 4.19). No
damage to the cylindrical structure of individual fibers nor to the non-woven surface
morphology of the scaffold is apparent.

a

b

Figure 4.18. (a) SEM image of the original PVA fibrous scaffold prior to N+ treatment,
(b) SEM image of the PVA fibrous scaffold after treated with 1.2 * 1016 N+/cm2.
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Figure 4.19. High resolution SEM image of the PVA fibers after treated with 1.2 x 1016
N+/cm2.

Concurrently, a PVA fibrous scaffold was analyzed before and after He*
treatment. The initial surface morphology of this sample in Figure 4.20a is nearly
identical to that in Figure 4.18a, but the diameter distribution has a slightly lower mean
value of 95 ± 15 nm before ion beam exposure. After exposure to 1.2 x 1016 He+/cm2, no
effect on the fiber diameter was observed as illustrated in Figure 4.20b with a final
diameter of 90 ± 15 nm. With 3.2 times less energy deposited than with the N+ beam, the
fibers at the surface encounter less internal annealing, which leads to no noticable
diameter shrinkage in the He+ case. The fiber diameter histogram before and after He+
treatment is again shown in Figure 4.17.

a

b

Figure 4.20. (a) SEM image of the original PVA fibrous scaffold prior to He+ treatment,
(b) SEM image of the PVA fibrous scaffold after treated with 1.2 x 1016 He+/cm2.
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4.4.3 Mechanical Properties of N+ Treated PVA Fibers
We used the same AFM force-volume mode protocol as before to measure the
fibers at the same locations before and after ion beam treatment to determine its effect on
the elastic moduli of individual fibers. The Young’s moduli of ten pre-implanted fibers
showed an original mean value of 30 ± 5 GPa, where the uncertainty is the SD for all ten
fibers.
Those fibers were then exposed to 8.0 x 1015 ions/cm2 of N+. Note that we
lowered the dose to two thirds of the value applied in section 4.4.1 to the non-wovens to
reduce the decrease in fiber diameter. This was necessary to maintain a large enough
diameter for the AFM measurements using the same settings with the previously used
cantilever.
The result for 8.0 x 1015 IN4”/cm2 treatment shows a significant increase in elastic
modulus for all ten fibers, with the average increase from 30 ± 5 GPa to 39 ± 5 GPa (one
way ANOVA, p < 0.05). The mean diameter significantly decreased (one-way ANOVA,
p < 0.05) from 122 to 108 nm with a SD of ± 8 nm. Table 4.11 summarizes the results of
our mechanical testing, including the average fiber diameter of the ten fibers. It is
important to note in this context that based on our AFM contact mode images the
shrinkage of the diameter did not affect the clamping condition of the fibers on the TEM
grid. This was always confirmed after the mechanical measurements.
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Table 4.11. The dimensional and elastic modulus changes of individual fibers before and
after 8.0 x 1015 ions/cm2 of bT treatment.
Original PVA Fibers
Length

Diameter

(pm)

(nm)

1

3.1

119 ± 2

2

3.7

3

Fiber #

Elastic
modulus

After 8xl 015 N+/cm2
Length Diameter

Elastic
modulus

(pm)

(nm)

26 ± 2

3.1

107 ±3

34 ±3

120 ± 5

23 ± 4

3.7

107 ± 5

31 ± 5

3.9

130 ± 5

23 ± 3

3.9

119 ± 4

40 ± 6

4

4

110± 10

41 ± 15

4

95 ± 8

47 ± 15

5

4.1

109 ± 2

33 ± 2

4.1

98 ± 1

41 ± 2

6

3.7

130 ± 2

25 ± 1

3.7

119 ± 3

40 ± 4

7

3.4

130 ±3

31 ±3

3.4

113 ± 3

36 ± 4

8

3.8

130 ± 2

31 ± 2

3.8

116 ± 3

44 ± 5

9

3.4

126 ± 4

31 ± 4

3.4

112 ± 1

38 ± 2

10

3.7

114 ± 3

32 ±3

3.7

101 ± 2

36 ±3

121 ± 8

30 ± 5

108 ± 8

39 ±5

Mean ± SD

(GPa)

(GPa)

4.4.4 Effect of N+ Ion Dosage on Mechanical Properties
In section 4.4.3, we observed a 30% increase in the elastic modulus of the PVA
fibers after 8.0 x 1015 N+/cm2 implantation. For organic polymers, there is an upper limit
of dosage for ion implantation above which the polymers become overdosed and
carbonized (increase in the relative carbon concentration) [307]. It produces an
amorphous carbon network [308] and reduce the stiffness of the polymer fibers. In order
to determine the upper limit of N+dosage which the PVA fibers can sustain before their
stiffness declines, the fibers used in section 4.4.3 were further exposed to a second dose
step of 8.0 x 1015 NVcm2 of (accumulated dose of 1.6 x io 16 NVcm2). The mechanical
measurements show two distinct groups of results, indicative of an onset of a transition
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stage. For eight of the ten fibers, we observed a further 10 % increase of the elastic
modulus to 43 ± 5 GPa (excluding the results of the other two). The remaining two fibers
experienced a ~36 % drop from their original values. These two fibers maintained the
same diameter as measured after the first treatment. If we combine the results of all ten
fibers we find the same value as after the first treatment with a mean elastic modulus of
39 ± 11 GPa and a mean diameter of 110 ± 8 nm, the higher uncertainties in the elastic
modulus due to the two deviating fibers. The modifications in elastic modulus and
diameter were both significantly different (one-way ANOVA; p < 0.05) from the original
values, but insignificantly different (one-way ANOVA; p > 0.05) from the values of the
first treatment. Figure 4.21 summarizes the mechanical testing results as well as the mean
diameter of the ten fibers before and after three steps of N+ treatment.
As seen in Figure 4.21, a last 8.0 * 1015 N+/cm2 dose of treatment (accumulated
dose of 2.4 x 1016 N+/cm2) results in overdosing of the polymer with significant
carbonization. All ten fibers showed weakening to a mean elastic modulus of 18 ± 7 GPa,
which represents a significant drop (one-way ANOVA; p < 0.05) of 54 % and 40 % from
the first two treatments and the initial mean value, respectively. The higher number of
amorphous carbon domain introduced by carbonization also increases the mean diameter
of the ten fibers to a value of 122 ± 9 nm, which matches the original value.
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Figure 4.21. The mean elastic modulus (solid line) and diameter (dashed line) of 10
fibers each measured after three steps of nitrogen ion dose implanted. The lines are a
guide to the eyes only. (The error bars are standard errors)

4.4.5 Mechanical Properties of He+ Treated PVA Fibers
With 3.2 times less energy deposited to the polymer matrix than N+ implantation,
the treatment using chemically inert He+ is expected to induce different mechanical
properties of the PVA fibers. 17 PVA fibers deposited on a single TEM grid were treated
with a single dose of 8.0 * 1015 He+/cm2. Figure 4.22 shows the results of the 17 fibers
before and after this treatment. Their elastic moduli were reduced so drastically that an
AFM cantilever of smaller spring constant (0.097 N/m) was required to obtain reliable
force spectra after the treatment. The elastic modulus of the 17 fibers before the treatment
had a mean value of 24 ± 5 GPa with a mean diameter of 130 ± 15 nm. After the He+
treatment, the elastic modulus dropped dramatically (one-way ANOVA; P < 0.05) by
about 63 % to 9 ± 3 GPa while the diameter remained at 135 ± 20 nm.
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Figure 4.22. The mean elastic modulus (solid line) and diameter (dashed line) of 17
fibers before and after helium ion treatment. The lines are a guide to the eyes only. (The
error bars are standard errors)

4.4.6 Effect of Ion Implantation on Chemical Structure
The chemical composition of the PVA fibrous scaffold was analyzed using XPS.
Initially the fibers show the chemical composition of standard PVA [309] with 71 ± 1 %
(atomic percentage) carbon and 29 ± 1 % oxygen in the survey spectrum that excludes
hydrogen. This baseline allows us to follow the degree of carbonization (increase in the C
concentration and decrease in H and O concentration in PVA) induced by the broadenergy ion beam surface treatment as a function of ion dose. The first dose of 8.0 x 1015
N*/cm2 increased the fraction of carbon to 79.3 ± 0.2 % and decreased oxygen to 20.0 ±
0.3 % (the rest are belong to N and Ta). The carbonization effect continued for the second
8.0

x i o15ions/cm2 dose step and finally reached 87.2 ± 0.5 % of carbon with 10.3 ± 0.1

% of oxygen after the third (last) 8.0 x 1015 N+/cm2 of dose step. On the other hand,
despite He+ transferring a lower amount of energy, the carbonization effect induced by
the first dose of 8.0 x 1015 He+/cm2 matches that for the third N+ dose with relative
concentration of 86.7 ± 0.5 % and 13.3 ±0.1 % of carbon and oxygen, respectively. A
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second He+ dose was applied and did not further increase the concentration of carbon,
which remained at 87.2 ± 0.5 %.
XPS survey spectra were used to confirm the simulated doping profile from SRIM
(Figure 3.5b). The relative concentration of the nitrogen started at 0.45 ± 0.02 % for the
first nitrogen dose step and reached a maximum of 2.0 ± 0.5 % for the last step. No
nitrogen was found in the He+ treated sample, as expected. As helium is undetectable in
XPS measurements, the amount of helium remaining in the sample after the ion
implantation remains unknown. However, since helium is non-reactive and has a high
diffusion coefficient, due to its small size, we expect the amount remaining in the treated
sample to be negligible.
The use of a Ta foil as an energy diffuser results in the incorporation of this
element. XPS data confirmed the low presence of Ta in all treated samples, with amounts
ranging from 0.15 % for the He+ treated samples to 0.3 % - 0.7 % for the N+ treated
samples.
To elucidate the modification of the chemical structure caused by ion
implantation, high resolution (HR) XPS spectra of Cis, Ois and Niswere obtained. Figure
4.23 shows the HR XPS spectra of Cis (1st Column), Ois (2nd Column) and Njs (3rd
Column) for the original PVA fibers (top row), as well as the N+ (middle row) and He+
(bottom row) implanted samples. The binding energy of each peak was used to determine
the corresponding chemical functional groups present in the sample. Every peak was
labeled alphabetically as shown in Figure 4.23. Table 4.12 provides the list of functional
groups consistent with each peak position and the corresponding binding energy. The Cis
and Ois spectra for the untreated PVA fibers matched standard PVA in the database [309].
The curve-fitted peak A (C-C) and B in the Cis spectrum have atomic distribution of 53.4
± 0.6 % and 46.6 ± 0.6 %, respectively. In this case, the functional group C-OH (alcohol)
was the only possibility to explain peak B, as well as the peak E (100 %) in the Ois
spectrum.
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Figure 4.23. High resolution XPS spectra for Cis(left column), Ois (middle column) and
Nis (right column), measure for untreated (top row), 1.6 x 1016 ions/cm2 of N+ treated
(middle row) and 1.6

x

1016 ions/cm2 of He+ (bottom row) PVA fibers. The peaks are

interpreted on terms of contributions from various chemical groups (lettered peaks), as
defined in Table 4.12.
After N+ treatment, the most obvious change was a new peak H (100 %) that
occurred in the Njs spectrum. This confirmed that implantation of reactive ions results in
chemical reactions. New functional groups include a reaction product with carbon in
PVA to form C-N (amine) or N -C=0 (amide) bonds. In the Ois spectrum, two new peaks
(F and G) occurred after the N+ implantation. Peak G, with a binding energy of 399.9 eV,
corresponds to an N -C=0 (amide) group. Combining the results with the Nis spectrum
allows us to confirm the formation of an amide group via N+ implantation. Furthermore,
the percentage of peak G in the Ois spectrum increased with N+ dose, starting from 21 ±
2 % for the first dose, increasing to 31 ± 1 % after the second step, and reaching 35.8 ±
0.2 % for the last step. This shows that a strong correlation between the relative
concentration and the dose of N* implanted in the sample exists.
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Table 4.12. List of different chemical functional groups represented by the peaks labeled
in XPS spectra at the corresponding binding energy shown in Figure 4.23 and 4.28-4.30
[309],
Peak

Functional Groups

Binding Energy (eV)

A

C-C*

285

B

C*-OH or C*-N or C-O-C* or C*-0-C=0

286.5

C

0-C*-0 or N-C*=0

288

D

c-o-c*=o

289.1

E

C-0*H or C-0*-C or C-0-C=0*

532.7

F

O-C-O* or C-0*-C=0

533.5

G

N-C=0*

531.5

H

C-N* or N*-C=0

399.9

* is designated to the source atom in the functional group

Cis spectra evolved almost identically for N+ and He+ treatment with two new
peaks (C and D) supplementing the two original peaks (A and B), as shown in Figure
4.23. Since peak C has the same binding energy as the carbon in the amide group, the
designation of peak C in the N+ implanted sample appeared obvious. However, the
observation of the same peak C for the He+ implantation proved this peak is not exclusive
to an amide group. In fact, peak C can also be due to the oxygen-containing hydrocarbon
group O-C-O. This observation explains the trend of the percentage of peak C, which
started at 11.1 ± 0.2 % after the first N+ dose and decreased to 4.2 ± 0.1 % with the last
dose. As the Ois spectrum shows, the number of amide groups indeed increased steadily
with the N+ dose, but the overall number of oxygen atoms dropped as the dose is
increased. As more and more oxygen atoms are recoiled, the implantation process
changed from creating O-C-O groups to eliminating them. Peak C has a percentage of
8.7 ± 0 .1 % after the first He+ dose, and then remains at 10 ± 0.1 % after the second dose.
The new peak D, with a binding energy at the high-end of the Cis data envelope,
belongs to carbon in the carbonyl part of the C -0 -C = 0 (carboxyl) group, for which the
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other carbon contributes to peak B. Peak D shows a trend similar to that of peak C:
beginning at 5.5 ± 0.2 % after the first dose of N+, it drops to 3.0 ± 0.1 % with the third
dose. For the He+ treated sample, the carboxyl group is also created at a slightly lower
percentage of 3.6 ± 0.1 % from the first dose, and remains at 4.6 ±0.1 % after the second
dose.
Generally, the ion implantation process recoils hydrogen atoms at a rate higher
than carbon and oxygen atoms from both the hydroxyl groups and the carbon backbone
of the PVA molecules. We know that C-O-C groups can be formed between two PVA
chains as a cross-link [62], This is especially relevant to PVA as it belongs to a category
of polymers favoring cross-linking [231] during the implantation process. We were not
able to confirm this conclusion with our XPS data because the C-O-C binding energy
overlaps with other peaks. A similar situation occurred for the C-N (amine) group with
signals mixed in peaks H and B.

Figure 4.24. SEM image of the boundary area of the original (left side) and treated fibers
(right side) after 10 minutes of soaking in DI water.

To confirm the introduction of cross-linking by the N+ treatment, we conducted a
solubility test on the PVA fibers pre- and post-treatment with 1.2 * 1016 ions/cm2 of N+.
Figure 4.24 shows an SEM image of the boundary area of the original (left side) and N+
treated fibers (right side) after 10 minutes of soaking in DI water. All the original fibers
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on the left side dissolved. It can be seen that the untreated fibers produced from an
aqueous solution is stabilized by cross-linking and are stable against dissolution when
exposed to DI water.

4.5 Cell Compatibility of Electrospun PVA Fibrous Scaffolds
4.5.1 Modifying PVA Fibers for In

V itro

Cell Compatibility Evaluation

In vitro tests based on primary human skin fibroblasts (hsF) were conducted to
determine the cell compatibility of the modified random and aligned PVA fibers, as
shown in Figure 4.25(a) and (b) respectively. The as-spun PVA fibers were not stable in
an aqueous environment including cell culture media, stabilization through thermal
annealing for four hours at 135°C was applied, as outlined in section 4.3. The fibers
demonstrated the stability in DI water for up to 30 days.

a

b

Figure 4.25. (a) SEM image of a control sample consisted of randomly orientated fibers
(b) SEM image of aligned fibers.

Figure 4.26 shows FTIR spectra of the PVA fibers before and after the thermal
annealing. Table 4.13 provides the list of functional groups associated with each peak and
their wavenumbers [310], The comparison shows that the only change is the increase in
the intensity of the peak at wavenumber 2300 cm'1 (associated with O-C-O) after the
thermal annealing. Easy-to-eliminate hydroxyl (-OH) groups along the PVA chain
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produce H-O-H, C-O, O-C-O and C-O-C during thermal degradation [311]. From the
XPS survey spectra shown in Figure 4.27, the ratio of oxygen and carbon content
remained the same at 28:73 before and after the annealing. The introduction of C-O-C
bonds is confirmed in the peak B of HR XPS Cis spectra shown in Figure 4.28, as the C
C and C-OH bonds are transformed into C-O-C bonds, the intensity of peak A is
decreased below that of peak B after annealing [61, 312], Otherwise, the annealed PVA
fibers have a similar chemical composition as the as-spun PVA fibers, but are stable in an
aqueous environment; they were used as the control sample in the in vitro cell
compatibility test.

After 4 hr
at135°C
As-spun
PVA fibers

Figure 4.26. FTIR spectra of as-spun PVA fibers and the fibers after 4 hours of 135°C
annealing (arbitrary scale on absorbance intensity and offset for clarity). The peaks are
labeled numerically for various chemical groups, as defined in Table 4.13
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Table 4.13. List of different chemical functional groups represented by the peaks labeled
in FTIR spectra at the corresponding wavenumber shown in Figure 4.26 [310],
Peak # Peak Position (cm 1)

Assignment

1

3300

O-H stretching

2

2950

C-H stretching (symmetric)

3

2900

C-H stretching

4

2300

O—C—O stretching

5

1425

CH2 bending

6

1330

CH2 wagging

7

1240

C-H wagging

8

1141

C—C stretching

9

1093

C -0 stretching

10

916

C-O skeletal

11

825

C -0 skeletal

Four N+ doses, 2.5 x IO14, 1 x 1015, 4 * 1015, and 8 x 1015 ions/cm2, and one dose
of He+ at 4 x 1015 ions/cm2 were implanted in the fibrous scaffolds after the thermal
annealing to investigate the effect of the ion beam treatment on the cell compatibility.
Table 4.14 lists seven conditions, including six different ion beam implantations, with an
assigned label to PVA fibrous scaffolds. It also lists the time and the theoretical
percentage of ion doping content corresponding to each ion treatment applied to PVA.
The cell adhesion and subsequently cell proliferation and cell differentiation on a
polymer are governed by the chemical functional groups of the polymer [73]. The XPS
survey spectra (Figure 4.27) show that N+ and He+ treatments induced carbonization
effects to PVA. The carbonization effect increases as the N+ dose increases. XPS was
only able to detect nitrogen in the samples implanted with the highest dose of N+ (8 x
1015 ions/cm2), because the other three treatments with lower N+ dose were having the
total nitrogen content below 0.1 %. Table 4.14 lists the theoretical percentage of nitrogen
content corresponding to each N+treatment in PVA.
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Table 4.14. List of seven differently treated PVA fibrous scaffolds.
Theoretical
ion doping
content in
PVA

Sample

Condition

Ion
Treatment
Time

C

4 hr at 135°C annealed PVA fibers (control)

0

0

N1

2.5 x 1014 N4/cm2 treated, annealed random fibers

~8 min

0.002 %

N2

1 x 1015 N4-/cm2 treated, annealed random fibers

~32 min

0.01%

N3

4 x 1015 N+/cm2 treated, annealed random fibers

~2.1 hr

0.04%

N4

8 x 1015 N4/cm2 treated, annealed random fibers

~4.3 hr

0.1%

N3A

4 x 10!5 N+/cm2 treated, annealed aligned fibers

~2.1 hr

0.04%

He3

4 x 1015 He+/cm2 treated, annealed random fibers

~2.1 hr

0.04%

Figure 4.27. XPS survey spectra of as-spun, as-annealed, N+ treated and He+ treated
PVA fibrous scaffold.
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Figure 4.28. HR XPS Cis of as-spun, as-annealed, high dose N* treated, low dose N+
treated and He' treated PVA fibrous scaffold. (The corresponding functional groups
associated with each peak are listed in Table 4.12)

In the HR XPS Cis spectra (Figure 4.28), the data show that all the N+and the He+
ion beam implantation introduce the same set of functional groups (peak A to B) to the
PVA fibrous scaffolds. The corresponding functional groups associated with each peak
are listed in Table 4.12 in Section 4.4.6. The only difference in the Cis spectrum occurs
for peak B when comparing the high dose and the low dose N+ treated samples: the peak
intensity decreases as the dose of N+ implantation increases. This means that C-OH

105
bonds are either transformed into C-C bonds or other bonds such as C-O-C and C -O C=0 during the implantation. The number of C-OH bonds is proportional to the dosage
during ion implantation.

Figure 4.29. HR XPS Ois of as-spun, as-annealed, highest dose bT treated, lowest dose
N+ treated and He+ treated PVA fibrous scaffold. (The corresponding functional groups
associated with each peak are listed in Table 4.12)
In the HR XPS Ois spectra (Figure 4.29), the changes in the chemical structure
noted for both the N+ and the He+ implantation are almost identical to the XPS results
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discussed in Section 4.4.6. The intensity of the amide group associated peak G increases
as the N+ dose increases. In contrast, the HR XPS N ]s spectrum (Figure 4.30) only detects
nitrogen and the associated amine and amide functional groups from the highest dose of
8.0 x 1015 hT/cm2 treatment.

Figure 4.30. HR XPS Nu of high dose N+ treated PVA fibrous scaffold. (The
corresponding functional groups associated with each peak are listed in Table 4.12)

4.5.2 Human Skin Fibroblasts Culture on Modified PVA Fibers
The annealing is a bulk modification technique, stabilizing the whole fibrous
scaffold in an aqueous environment (Section 4.3). Then we applied a surface or near
surface modification to the fibrous scaffold using the ion beam treatment with 4 different
doses of N+ in a range of 2.5

x

10I4to 8 x 1015 ions/cm2 and He+ in 4

x

1015 ions/cm2, as

described in Section 4.4. Although, the ion beam treatment also stabilizes the fibers in the
aqueous environment (section 4.4.5), the affected layer is superficial, limited to ~1 pm
due to the ion implantation depth. Therefore, a combination of both post-processing
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modifications is necessary for the PVA scaffolds to have aqueous stability for cell
adhesion and proliferation.
Two fiber orientations, one random and one aligned, were used in the in vitro test
as illustrated in Figure 4.25 (a) and (b), respectively. The control samples as well as the
five different ion beam treated samples were based on the randomly oriented fibrous
scaffolds, while the aligned fibrous scaffold was only used for one set of N+ ion beam
treatment. The randomly oriented fibers had an average diameter of 140 ± 40 nm after the
annealing and 4

x

1015 ions/cm2 N+ treatment. Based on the study in section 4.4, the fiber

diameter was not expected to vary more than 20% from different doses of N+ treatment.
After 72 hours of cell culture, the sample C were fixed as seen in the SEM and CLSM
images in Figure 4.31 (a) and (b), respectively. There were very few hsF attached on the
sample C. The hsF were in rounded morphology and some hsF even aggregated together
and formed clusters to further reduce the contact area with the control PVA surface.
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Figure 4.31. (a) SEM image and (b) CLSM image of hsF on a sample C after 72 hours of
culture.
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4.5.3 Effect of Ion Implantation on Cell Morphology
The CLSM image in Figure 4.32 shows the hsF on the sample N4 after 72 hours
of culture. The hsF were spread out individually in random orientation with actinaggregated stress fibers clearly visible and stretching out, which was a clear indication of
good adhesion to the fibers. Figure 4.33 shows an SEM image of the same sample. The
low magnification image (Figure 4.33a) displays a similar result of the hsF attachment
and morphology, as shown with the CLSM image in Figure 4.32. The high magnification
SEM image (Figure 4.33b) highlights one end of an hsF with lamellipodia and filopodia
extending outward at different directions.

Figure 4.32. CLSM image of hsF on a sample N4 after 72 hours of culture.
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a

b

Figure 4.33. (a) Low and (b) high magnification SEM images of hsF on a sample N4
after 72 hours of culture.

After observing the successful hsF adhesion and spreading on the sample N4, N+
treatments with lower dose of 4 x 1015 and 1 * 1015 ions/cm2 were applied to study the
effect of the N+ dosage on the hsF. The stellar / bipolar morphology of attached hsF after
72 hours of culture on the samples N3 and N2 (the images of different time stage are
shown in Figure 4.40) were similar to the result of the sample N4. The lowest N+ dose
applied to the scaffold in this study is 2.5 * 1014 ions/cm2, which is 32 times less than the
dose applied to the sample N4. The 72 hours of hsF culture result on the sample N 1 is
shown in Figure 4.34 and demonstrates no significant difference in terms of hsF adhesion
and morphology when compared to the other results from the three samples with higher
dosages. Similar hsF spreading and the extension of lamellipodia and filopodia are again
observed on the sample N 1. In summary, the number of nitrogen ion dose does not play a
significant role in terms of the hsF adhesion, morphology and spreading. The actual
number of hsF attached and the hsF growth rate over a period up to 10 days are discussed
in a later section.
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a

b

Figure 4.34. (a) Low and (b) high magnification SEM images of hsF on a sample N1
after 72 hours of culture.

Using non-reactive helium to modify the surface of the fibrous scaffold, the XPS
data (Section 4.5.1) showed that the helium treatment modified the chemical structure of
PVA similarly as the nitrogen treatment, but without introducing any amine and amide
functional groups. Figure 4.35a shows the result of the hsF on a sample He3 after 72
hours of culture. The hsF appeared to be spreading out randomly and attaching to the
fibers individually. In Figure 4.35b, a high magnification SEM image of a single hsF
showed that the lamellipodia and filopodia were extending in all directions. A higher
magnification SEM image (Figure 4.35c) captures the lower part of the hsF shown in
Figure 4.35b. It shows that the filopodia extended outward and are entangled with the
fiber network (these were also observed on all nitrogen treated samples). The results of
the hsF adhesion and morphology on the sample He3 are therefore very similar to the
results obtained for nitrogen treated samples. These results again confirm our previous
observations on the hsF as a function of N+ dosage that the nitrogen-containing (amine
and amide) functional groups formed during the nitrogen treatment did not provide any
additional advantage for hsF adhesion, morphology and spreading. Proliferation assay on
three different incubation times is reported in a later section to quantify the difference
between the nitrogen and the helium treatment.
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Figure 4.35. (a) Low and (b) high magnification SEM images of hsF on a sample He3
after 72 hours of culture, (c) High resolution SEM image of the extended filopodia in the
lower part of the hsF shown in (b).

4.5.4 Effect of Fiber Orientation on Cell Morphology
The role of the surface morphology (topography) on the interaction of hsF with
the fibrous scaffold was investigated. The morphological analysis of hsF adhesion,
morphology and spreading was conducted on a scaffold that consisted of aligned fibers,
as Figure 4.25b shows. After the thermal annealing and the 4 x 1015 ions/cm2 of bT
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treatment, the aligned fibers had an average diameter of 160 ± 50 nm. Figure 4.36 shows
a CLSM image of hsF on a sample N3A after 72 hours of culture. The hsF were adhered
to the surface and elongated in bipolar morphology along the same direction. Figure
4.37a shows a SEM image of the same sample. The image further confirms that most of
hsF had bipolar morphology. A high magnification SEM image in Figure 4.37b shows a
representative hsF, which had the bipolar elongation parallel to the orientation of the
aligned fibers. The filopodia were extended outward and entangled with the fiber network
in all directions.

Figure 4.36. CLSM image of hsF on a sample N3A after 72 hours of culture. (The arrow
indicates the oriented direction of the fibers)
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Figure 4.37. (a) Low and (b) high magnification SEM images of hsF on a sample N3A
after 72 hours of culture.

On the same sample, several hsF infiltrated underneath the surface layer of the
sample N3A, as the SEM image in Figure 4.38a shows. The morphology of the hsF was
similar to the hsF attached to the surface layer. A high magnification SEM image (Figure
4.38b) clearly shows that there was a layer of fibers lying on top of the infiltrated hsF.
The fiber network on top of the hsF was still intact with the fibers lying next to the hsF.
This suggests that the hsF migrated into the scaffold through the small holes along the
fiber network during the 72 hours of culture.

a

b

Figure 4.38. (a) Low and (b) high magnification SEM images of a hsF migrated and
attached to the second layer of fibers on a sample N3A.
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4.5.5 Cell Counting on Modified PVA Fibers
Figure 4.39 shows the results of the cell count on the control samples and the
samples treated by the four different doses of N+ at three time points for a period of 10
days. The number of hsF on sample C are significantly lower than the N+ treated samples
at each of the three time points. This agrees with the observation we obtained from the
microscopic images (section 4.5.2) at the 72 hours time point. Over the 10 days of culture,
the hsF showed no sign of proliferation on sample C as the hsF numbers did not increase,
while all N+ treated samples had significant increase in hsF numbers.
There is a statistically significant difference (one-way ANOVA in Table 4.15a)
between the samples N1/N4 and N2/N3 after 1 day of culturing, but the numbers are
relatively closed for all four samples. Figure 4.40 shows the SEM images of the samples
N 1 to N4 at all three time points. Cell densities on the samples after day 1 were low and
the hsF were distributed randomly on the scaffold. The culture time of 1 day may not be
long enough for the hsF to begin the proliferation. Most of the hsF were elongated in
bipolar morphology, and indistinguishable among all four samples.

Figure 4.39. Average hsF number on the four different N+ treated randomly oriented
fibrous scaffolds after the 3 stages of culture.
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At the next time point (day 4), the hsF started to proliferate and the cell numbers
on the surface increased (Figure 4.39). The higher cell densities and the hsF were
spreading and stretching out in all directions, leading to a larger coverage than at day 1.
There is a significantly large difference (one-way ANOVA test in Table 4.15b) in cell
number between samples N1 and N4. There are a 25% more hsF on the sample N4 than
that of the sample N1 at day 4. When the culture time reached day 10, the sample N4
continued to maintain 16% more hsF than the sample N1 (one-way ANOVA test in Table
4.15c). A higher N+dose in the ion beam treatment resulted in a higher hsF proliferation
rate.
As the numbers of hsF continued to increase after day 4, the area on the surface of
the scaffold available for hsF to attach to was decreasing. The hsF began to form random
confluence. The confluence consisted of small independent groups orientated at random
with respect to other groups and were separated from the neighbors by narrow packing
interstices [313],
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Figure 4.40. SEM image of all ion beam treated PVA fibrous scaffolds after 1, 4 and
days of hsF culture. (All have the scale bar of 100 nm)
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Table 4.15. One-way ANOVA test results of all samples at (a) day 1, (b) day 4 and (c)
day 10. (V = significantly different and * = insignificantly different)
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Day
Figure 4.41 Average hsF number on the N+ treated aligned and He+ treated randomly
oriented fibrous scaffolds after the 3 stages of culture. (Sample C, N3 and N4 are showed
for comparison)

Over the 10 days of culture, Figure 4.40 shows that the sample He3 had the
similar results in term of the hsF morphology and spreading as that of the N+ treated
samples. These agree with the results observed in the previous section 4.5.3. The number
of hsF and the corresponding proliferation rate on the sample He3 over 10 days is plotted
in Figure 4.41. Although the carboxyl introduced by He+treatment had a positive effect
on the cell compatibility of PVA, the hsF growth rate on the sample He3 was
significantly lower than all N+ treated randomly oriented fibrous scaffolds. When
compared with the results obtained from the sample N l, in which has 16 times less ion
dose than that of the sample He3, the least amount of amide groups in the sample Nl still
have a predominant effect to promote a higher hsF growth rate than that of the sample
He3. These results shows that the N+ doping and the introduction of amide functional
groups on the surface of the PVA scaffolds has a more positive effect than carboxyl on
the hsF proliferation, but the two have the similar effect on the hsF initial attachment,
morphology and spreading.

1 20

As the SEM and CLSM images shown in Figure 4.40 and 4.42c, the hsF had the
biopolar elongated morphology and aligned along the orientation of the aligned fibers on
the sample N3A at the very beginning of cell culture (day 1). In contrast, the sample N3
with random fibers (Figure 4.42a), which was treated with the same amount of N+ dose as
the sample N3A, had a similar number of hsF attached and but spread out with stellar
morphology in all directions. At day 4 (Figure 4.43), the hsF maintained the random
orientation as they proliferated on the sample N3 and N4, while the hsF on the sample
N3A maintained the biopolar morphology and aligned along the fibers together without
any significant change in the spreading area. Confluent of hsF was formed on all three
samples (N3, N3A and N4) at day 10 (Figure 4.44). The actin-aggregated stress fibers
clearly showed that most of the hsF on the sample N3A were aligned in one single
direction. Because the hsF morphology was maintained in a such compact, bipolar
elongated form on the aligned fibers, there were more space available for the cell-matrix
interactions to promote a higher cell proliferation [314, 315], As the result shown in
Figure 4.41, the final cell number of hsF on the sample N3A was even higher than that of
the sample N4 treated with 2 times more of N+ dose.
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F ig u r e 4 .4 2 .

CLSM images of sample (a) N3, (b) N4 and (c) N3A after 1 day of culture.
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F ig u r e 4 .4 3 .

CLSM images of sample (a) N3, (b) N4 and (c) N3A after 4 days of culture.
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F ig u r e 4 .4 4 .

CLSM images of sample (a) N3, (b) N4 and (c) N3A after 10 day of culture.

124

Chapter 5 Discussion
In terms of the choice of materials, there are several approaches to the
development of implantable medical devices. The traditional approach is the use of
synthetic biomaterials and its combination with allograft or xenograft materials. Most of
the currently used implants are fabricated using this approach. Examples range from total
hip and knee replacements to artificial heart valves and large diameter vascular grafts.
Although most of these implants perform satisfactorily, they are invariably imperfect.
The currently most intensely researched approach is the tissue engineering/regeneration
approach. This approach attempts to create living implants to replace the diseased
tissue/organ by making use of biodegradable biomaterial as template and populate it with
the appropriate types of cells. As these cells gradually lay down their own extracellular
matrix, the template material would be degraded to give a living piece of tissue/organ.
This idea was formed in the early 1980s and the term “tissue engineering” was coined in
1987 [316]. Over the ensuing 20 years, this seemingly “obvious” approach has caught the
fascination of the general public and attracted “hugh” investment interests. However, the
results have been proven to be rather disappointing. Up to 2006, there were a total of four
Food and Drug Administration approved tissue engineered products. Of these Apligraf®,
Dermagraft®, and OrCel® are living-skin equivalents which are substantially the same
product and are targeted for diabetic, venous ulcers and bum patients. The other product,
Carticel®, is based on autologous chondrocytes for cartilage repair [317]. After 20 years,
disappointment of this approach is quite apparent and the search for a third alternative has
been undertaken by increasing number of researchers. This consists of using a biostable
synthetic biomaterial that is custom designed in terms of structure, geometry and
properties to closely match that of the diseased tissue/organ. A “living” interface is then
created between the body tissue and the implant surface to enhance compatibility and its
long term performance. This approach, also known as the “tissue - biomaterial hybrid”
approach, attempts to take advantage of the wealth of knowledge in synthetic stable
biomaterials and combined it with knowledge in cell biology and biochemistry to address
the problems of the traditional implants materials by incorporating a custom designed
“living” interface. An attractive approach to fabricate the biomaterial part of a tissue -
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biomaterial hybrid is in the form of nanofibers. In this thesis we choose to use the
electrospinning technique for their generation.
Electrospun fibrous scaffold can provide the correct structure, geometry and
mechanical properties which mimic that of the ECM of most soft tissues [36]. PVA is a
good biostable [3] and biocompatible material, but it lacks of cell compatibility [5],
Although its lack of biodegradability has limited its use in tissue regeneration
applications [27], there have been continuing efforts to instate cell compatibility [2, 5-20]
to it to create a biomaterial-tissue hybrid based medical devices for cartilage [1,31, 32],
cornea [33, 34], and vascular grafts [14],
To develop a cell compatible PVA-based biomaterial - tissue hybrid (e.g.
tympanic membrane), we used the electrospinning technique to fabricate 3D PVA
scaffold based on nanofibers in either random or aligned orientation. The as-fabricated,
PVA fibrous scaffold was not stable in aqueous environment; thermal annealing was
applied to improve its aqueous stability. After the fibrous scaffold gained stability in
aqueous environments including cell culture media, N+ and He+ ion beam implantations
were used to modify its surface chemical properties to improve its cell compatibility. Cell
compatibility of the modified PVA scaffold was evaluated in-vitro using primary human
skin fibroblasts in term of cell attachment and proliferation.

5.1 Preparation of PVA Fibers by Electrospinning
Nanofibrous scaffolds, which consist of nanometer (< 500 nm) sized fibers, are
particularly suitable for tissue engineering/regeneration and tissue - biomaterial hybrids
fabrication than microfibrous and microporous scaffolds due to their high surface area to
volume ratio and interconnected porous network [36], In addition, fibrous scaffolds can
be fabricated with controlled alignment [47, 48] to closely mimic the organized structure
of the extracellular cellular matrix (ECM) of tissues such as blood vessels [45], vascular
graft [143]. There are several commonly used polymer fiber spinning techniques
including wet spinning [318-320], melt spinning [321-323], gel spinning [324, 325] and
dry spinning [326, 327]. To make nanometer sized polymer fiber, electrospinning [38] is
a widely adopted process capable of producing nanofibers to form 3D non-woven fibrous
scaffolds [328] which is the method adopted for the work described in this thesis.
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There is a wide range of parameters (Table 4.1) in the electrospinning process that
can affect the formation, final diameters and morphology of the fiber produced. Tan et al.
[300] investigated a wide range of the governing parameters including the applied voltage,
the polymer solution flow rate, the polymer solution concentration, the molecular weight
of the polymer, the tip-to-collector distance and the solvent system. They concluded that
the polymer solution concentration and its molecular weight are the more dominant
parameters compared to the applied voltage and tip-to-collector distance for controlling
fiber diameter. Supaphol et al. [329] drew similar conclusions on three parameters:
polymer solution concentration, applied voltage and tip-to-collector distance, for
electrospinning of PVA fibers. In this thesis, a procedure adapted from Supaphol et al.
[19] was developed and was found to produce PVA fibers of consistently good quality
with fiber diameter in the range of 100 to 500 nm (Figure 4.1). This is important as
Bashur et al. [127] and Kumbar et al. [128] have demonstrated that the spreading area,
cell attachment and proliferation as well as collagen type III gene expression of
fibroblasts are all dependent on the diameter of poly(lactic acid-co-glycolic acid) fibers.
The results (Figure 4.2) showed that the average PVA fiber diameter increased
from 280 to 490 nm as the PVA concentration increased from 8.5 to 10.5 wt%,
respectively. The FWHM of the best-fit normal distribution showed that an increase in
PVA concentration broadened the distribution of the fiber diameter from 190 to 230 nm.
PVA solutions at concentrations below 8.5% and above 10.5 wt% are either not
electrospinnable or produce fibers with beads indicating a strong effect of polymer
solution viscosity on fiber quality. If the viscosity and surface tension of the polymer
solution is too low, the electrospinning process forms droplets (electrospraying) [330]
instead of a continuous liquid jet. On the other hand, if the viscosity is too high, the
polymer solution prohibits the formation of the Taylor cone and consequently the fibers.
The average fiber diameter and the FWHM of the fiber diameter distribution
increase as the applied voltage increases from 20 to 26 kV (Figure 4.3a). The increase in
fiber diameter is caused by more material being drawn out to form the polymer jet when
the applied voltage increases the electrostatic stress inside the Taylor cone. In the case of
26 kV, very broad fiber diameter distributions suggest that the voltage is too high and
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over-charging the Taylor cone. The resulting polymer jet splits into multiple jets [300]
and forms fibers with a broad diameter distribution [331],
Under a constant applied voltage, the fibers were smaller in diameter and have a
lower FWHM value in the best-fit normal distribution as the distance between the needle
and the collector electrode increases up to 20 cm (Figure 4.3b). The tip-to-collector
distance provides the essential flight time to allow the polymer jet to be stretched under
the electric field and the solvent to evaporate. At a constant applied voltage, the electric
field gradient decreases as the distance increases. The resulting electric current and
charge density inside the polymer solution will decrease [332] and limit the amount of
material to be discharged from the Taylor’s cone to undergo the whipping process [85,
333, 334],
The electrospinning setup used in this study was located inside a fume hood
without an environmental control chamber. The impact of ambient temperature, humidity
and air pressure can affect the evaporation rate of the DI water/ethanol solvent system
[332] as well as the equilibrium humidity in the polymer jets. In Figure 4.17, two sample
sets prepared for the ion beam treatment showed a significant 21 % difference in the fiber
diameter despite the fact that the samples were obtained using a solution with the same
PVA concentration and the same electrospinning operating parameters. These sets were
produced on two separate days (Davg = 120 nm on Nov 2005 and Dmrg = 95 nm on Apr
2006) which means that the differences are attributable to the uncontrolled environmental
parameters. Since PVA is a very hydrophilic material, it is expected that the ambient
relative humidity would have a significant effect on the equilibrium water content of the
polymer jet during the whipping process as well as the fiber on the collector. In a low
humidity environment, the lower equilibrium water content in the PVA matrix prohibits
the electric field to stretch the jet into a small diameter. On the other hand, a high
humidity can increase the plasticizing effect of water on PVA to extend the stretching
process and produce smaller fibers. As our observations show, the differences of the fiber
diameters due to the variation of humidity is similar to the results based on another
hydrophilic polymer, polyfethylene oxide), as reported by Tripatanasuwan et al. [335].
For the rest of the samples prepared in this study, these issues were generally addressed
by adjusting the polymer solution concentration, voltage and tip-to-collector distance to
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offset the effect of the ambient parameters to obtain smooth fibers with a relatively
narrow diameter range.
Beside the polymer solution concentration, applied voltage and tip-to-collector
distance, there are other important parameters, such as solution temperature [133, 336],
polymer molecular weight [300, 337], ionic effect (e.g. adding salt) [133, 338] and
solvent system [133], that can alter the fiber morphology and diameter in electrospinning.
The response surface methodology (RSM) [297, 298, 339, 340] has been developed to
model the effect of various electrospinning parameters on fiber formation. The model has
been applied [298, 341, 342] to study and optimize the processing parameters on the fiber
morphology and average fiber diameter. However, since the electrospinning process is
not the main focus in this study; we did not attempt to apply the RSM for PVA fiber
electrospinning process optimization.
While random PVA fibers (Figure 4.25a) were collected using a static plate
electrode, a rotating mandrel similar to that shown in Figure 3.2b was used to collect
aligned fibers (Figure 4.25b) that closely mimic the organized structure of the
extracellular cellular matrix (ECM) of most tissue. Lee et al. [276] showed that
fibroblasts were sensitive, in term of alignment, elongated direction and collagen
synthesis, to polyurethane fibers alignment and mechanical strain. These similar fiber
alignment effects were also observed in human smooth muscle cells on poly(L-lactid-cos-caprolactone) [45] or polystyrene fibers [129] and human Schwann cells on poly(e caprolactone) [281] or poly(e-caprolactone)/collagen blends fibers [153]. Our approach
of using a rotating mandrel can produce fibers that are aligned only in one direction. The
degree of uniaxial alignment is a function of how well the rotating speed of the mandrel
matches that of the fiber spinning rate [87, 343], Ayres et al. [344] used fast Fourier
Transform technique to analyze fiber alignment at different rotating speed with respect to
polymer solution concentration. They found that the increase in the rotating speed does
not always increase the uniformity of fiber alignment. They also demonstrated that the
rotating speed to obtain the highest degree of fiber alignment is a function of polymer
solution concentration. We did not systemically vary the rotating speed of our collector to
study its effect on fiber orientation. All aligned fiber scaffold were collected with the
mandrel spinning at a speed of 6.4 m/s. Fiber alignment degrades after a certain thickness
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of the fibers is deposited on the mandrel because the charged polymer jet cannot be
grounded effectively on the relatively low conductivity polymer fibers [89]. An
increasing fraction of the resulting fibers will be misaligned as collect time increases
(Figure 4.25b). Although for most applications, alignment in one direction is sufficient,
there are tissues such as the tympanic membrane, which has fibrous structure consisting
of collagen fibers arranged in multiple orientations (which are in radial, parabolic,
circular and oblique) [345] which necessitates the creation of geometry with fibers that
are aligned in multiple orientations. This multiply oriented fiber collection has been
demonstrated by Li et al. [47] using multiple parallel electrodes.

5.2 Mechanical Properties of PVA Fibers
The overall mechanical properties of a fibrous scaffold are a function of the
mechanical properties of the individual fiber, fiber density, connectivity between fibers as
well as fiber orientation. A knowledge of the stiffness of individual fiber would allow the
prediction of scaffold mechanical properties as a function of fiber orientation,
connectivity between fibers and fiber density. It would also provide fundamental
information for optimization of scaffold design for a particular application [170, 171].
Stylianopoulos et al. [161] demonstrated that the elastic modulus of electrospun
polyurethane fiber mesh systematically varied from 0.56 to 3.0 MPa depending on the
degree of fiber alignment and fiber diameter in a range of 500 to 900 nm. The degree of
fiber alignment was determined in term of angular standard deviation by assuming all
fibers are straight. This assumption is only valid when the fiber collecting speed of a
rotating mandrel is perfectly matched that of the fiber spinning rate [87, 343]. The other
parameter, fiber density, is usually determined based on the mass of fiber mesh and the
overall porosity [161]. Alternatively, the fiber density can also be determined using cross
sectional SEM images of the fiber mesh as demonstrated by Peresin et al. [346], A multi
scale structural model [164, 165] based on the combination of representative volume
element (RVE) and finite element (FE) has been developed to simulate the mechanical
properties as well as permeability [347] of a fibrous scaffold. Wei et al. [163] developed
a model to predict the mechanical properties of a randomly oriented electrospun fiber
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network with the fiber-to-fiber connectivity and van der Waals interaction. Their results
predict that the strength of the fiber network increases as the number of connection
(fusion) points between fibers increases. Jung et al. [162] showed that by increasing the
number of fusion points between electrospun PVA fibers using cationic surfactant, the
tensile strength of the fiber mat improved. Major parameters that are taken into
consideration include fiber orientation, stiffness of individual fiber, fiber density and
connectivity (and fusion) between fibers. Stylianopoulos et al. [161] employed this model
to simulate the results obtained from the polyurethane fiber mesh; they used an arbitrary
value of 18 MPa, which is six time higher than the modulus measured from a
polyurethane solution-cast film, for the elastic modulus of single fiber in order to have a
good match between the model predictions and the experimental data. For tissue
regeneration and medical device applications involving cell scaffold interface,
mechanical properties of the scaffold must be taken into account because on the
macroscopic scale, it is necessary to mimic the mechanical properties of the tissue it is
replacing and, on the microscopic scale, different cell types response differently to the
stiffness of the scaffold [348].
A conventional uni-axial tensile testing system is the most frequently used
technique to characterize the mechanical properties of fibrous scaffolds [94, 130, 166
169]. However, most of the results reported in the literature did not take into account the
fiber density, connectivity between fibers and fiber orientation of the fibrous mat used in
these experiments. These results are almost impossible to reproduce. In our study, we
chose to determine stiffness of single electrospun PVA fibers. We choose to take a
bottom-up approach starting with the determination of the mechanical properties of
individual PVA fiber [1, 2], By taking into account the fiber orientation, connectivity
between fibers and fiber density, overall mechanical properties of the scaffold can be
determined in a reproducible way.
For mechanical properties of single nanofiber determination, several methods
have been reported in the literature. They were summarized in Chapter 3, Section 2.2.
Some of these methods use rather complex micro-devices such as a nano-stressing stage
[180, 181] or a micro-electromechanical system [182] that were developed specifically
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for single nanofiber tensile testing. Despite the difficulty in manipulating individual
nanofiber and the sensitivity limitations of these instruments, a full stress-strain curve
(including elastic region, plastic region and ultimate tensile strength) of the nanofiber can
be obtained. We choose to use a much simpler approach. Making use of the nanoNewton
force detection sensitivity of the AFM, we developed a relatively simple multi-point
bending technique (elastic region only) for fiber stiffness determination. This approach
allows us to repeat the mechanical measurement on the single fibers to effectively
determine the effect of the heat treatment or the ion beam treatment. It has been proven to
be highly suitable for use in nanoscale fibrous materials including CNT [220], bacterial
cellulose fiber [205] and composite fibers [95].
To measure the elastic modulus of a fiber, it was deposited on a standard TEM
grid with the fiber spanning the opening of the grid. A bending test was performed using
a normal force applied by the AFM cantilever onto the fiber. In its simplest form, a threepoint bending test [134, 203] with only one AFM force measurement was performed at a
location as close to the mid-point of the suspended portion of the fiber as possible.
Additional measurements were made at two points on the supported portions (for force
calibration purposes) of the fiber resting on the TEM grid surface. The determination of
elastic modulus depends critically on the boundary conditions through an assumed
mechanics model and, this approach cannot distinguish between alternate models, such as
clamped beam or the supported beam configuration. It is also difficult to verify the exact
position (midpoint) along the fiber where the force is applied. Any additional terms, such
as deflection due to shear, would be very difficult to interpret from a single data point.
These drawbacks can be overcome by using a multi-point approach [205] which
measures the bending (displacement) of the fiber at several points along the suspended
portion of the fiber and determines the elastic modulus using the clamped beam model.
The advantage over the three-point measurement is that it can provide validation through
the agreement between the experimental data and the model prediction as illustrated
below.
In Figure 5.1, two SEM images of a suspended PVA fiber (a) before and (b) after
the AFM measurement are shown. The dotted straight lines indicate that the fiber has
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been permanently deformed and/or dislocate after the measurement. Data collected would
therefore not satisfy the boundary conditions of the clamped beam model. Figure 5.2
shows a plot of fiber deflection versus fiber position along the suspended portion of the
same fiber shown in Figure 5.1. This result can be compared to the well behaved results
shown in Figure 3.15 in Chapter 3 indicating that the assumed boundary conditions for
the model is not met. A single point bending test would not have detected any permanent
deformation of the fiber. The advantage of using the multi-point approach for fiber elastic
modulus determination is self evident.

a

b

Figure 5.1. SEM images of a fiber (a) before and (b) after the AFM imaging. The red
dotted lines indicated the fiber becomes loosen after the AFM measurement.
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Figure 5.2. Plot of the slopes of force spectra (hollow circles) as a function of position a
along the suspended fiber shown in Figure 5.1.

To perform a bending test on the electrospun fibers using the AFM, a sub
monolayer of fibers are deposited onto a TEM grid. The fibers are randomly oriented and
suspended over the square holes (Figure 5.1). Compared to the use of silicon wafers with
etched grooves [173, 205, 207], TEM grids are less expensive and more readily available.
Figure 4.5 shows that it allows the bending test to be performed on PVA fibers in the
diameter range of 100 to 400 nm without major change of AFM operating parameters and
the type of cantilevers.
It is also possible to make repeat measurements on the same fiber. Figure 3.8
shows that the TEM grid allows every single fiber to be mapped and its positions
identified for repeated measurements. For example, the position of a suspended fiber can
be located using high-resolution SEM before and after AFM force-volume measurements.
Using this approach, the effect of ion beam and annealing on PVA fiber mechanical
properties were evaluated by comparing the values of elastic moduli and diameter of the
same fibers before and after treatment.
As shown in Figure 4.5, the elastic moduli of individual electrospun PVA fibers
determined using the multi-point bending approach exhibit a strong size-dependence in
the diameter range of 100 nm to 375 nm. When the fiber diameter is between 300 - 375
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nm, the average elastic modulus is 3 ± 1 GPa. This value is higher than the reported bulk
moduli of PVA (1.7 GPa) [301], By extrapolating the trend to larger diameter, the sizedependent effect disappeared when the fiber diameter is above 600 nm and the
extrapolated elastic modulus (2GPa) is similar to that of the bulk modulus. Using a 3
point bending approach with one single measurement, Fu et al. [176] determined a
similar size-dependent effect with the elastic modulus of PVA fibers increased from ~40
GPa to ~550 GPa as the fiber diameter decreased from 160 nm to 20 nm. Our results
within the diameter range of 100 nm to 160 nm are comparable to these reported values.
Similar size-dependent effects in the nanometer diameter range have been observed in
metal nanowires [190, 198, 199, 213, 349], collagen fibers [134], synthetic polymer
fibers [172-174, 208] and composite fibers [175] although the diameter for the onset of
this size-dependent effect is material dependent.
For polymer fiber, Shin et al. [173] attributed the size-dependent effect to the
orientation of polymer molecules insider the fibers. Specifically, they found that the
strain rate of the electrospun polymer jets is usually very high; the electrospinning
process can align the polymer chains inside the resulting polymer fiber along the fiber
axis [350-352], As the fiber diameter decreases, there will be fewer defects in polymer
chain orientation and the resulting polymer fiber thus leading to a higher elastic modulus.
Arinstein et al. [174] extended the concept of polymer chain orientation to a higher level
of microstructure called supramolecular structure consisting of an oriented amorphous
phase of the polymer chains. They proposed that this supramolecular structure, but not
the crystallinity of the polymer matrix, has a major effect on the increase of the elastic
modulus of the fiber as its diameter decreased toward the nanometer scale. However,
there has yet been no experimental confirmation on the existence of the supramolecular
structure.
Since PVA is a hydrophilic polymer, the equilibrium humidity is expected to have
an effect on the mechanical properties of the electrospun PVA fiber. In Table 4.5, the
mechanical measurement results show that the elastic modulus of electrospun PVA fibers
experiences a 40 % reduction when the relative humidity in the fiber environment
increases from 9 % to 32 %. PVA, being a hydrophilic polymer, is capable of absorbing
water from its environment. At high relative humidity, the absorbed water leads to fiber
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swelling which weakens the inter-chain interactions [302] and consequently induces a
plasticization effect in the polymer matrix. The increase in the plasticization effect is
responsible for the reduction in the elastic modulus of the PVA fibers. The elastic
modulus of the PVA fibers is expected to further decrease as the relative humidity
increases. We have demonstrated the relative humidity effect but, to systematically study
the effect at a higher RH, a proper humidity control chamber similar to Stukalov et al.
[353] is necessary to provide better humidity control and to isolate the electrical
components of the AFM unit from water condensation.
The mechanical properties sensitivity of PVA fibers towards changing humidity
shown in Table 4.5 implies that exposure of these fibers to an aqueous environment such
as body fluid or cell culture media would lead to a significant decrease in their stiffness.
This has important implications in both in vivo and in vitro tissue regeneration
applications as the scaffold should have the mechanical properties matching that of the
tissue it is replacing in a body. Wan et al. [354] showed that a fibrous scaffold made of
electrospun poly(chitosan-g-DL-lactic acid) fibers had a significantly different elastic
modulus when it was hydrated with fluid. For the dry scaffold, the measured elastic
modulus has a value of 144 MPa. After the scaffold was immersed in a PBS buffer for 2
hours, the elastic modulus was reduced by 10 fold to 14 MPa. Similar reduction in elastic
modulus due to hydration have also been observed in electrospun chitosan fibrous
scaffold [354] and collagen/poly(D,L-lactide-co-glycolide) blend fibrous scaffold [355],
It should be pointed out that these mechanical measurements were made on fibrous
scaffolds and not on individual fibers and represents stiffness of the fiber mesh. These
values are a function of fiber diameter, density, porosity, orientation as well as the elastic
modulus of the individual fiber which has not been taken into account in these studies.
The PVA fibers we prepared for cell culture study fall within the diameter range of 100 to
200 nm with average elastic moduli of 24 ± 7 GPa as prepared. Depending on the amount
of water uptake after fiber stabilization, this value may not be of direct relevance to cell
culture study. Stiffness of the stabilized PVA fibers in the hydrated state would be more
valid in a cell culture environment.
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The role of mechanical properties of the scaffold in regulating cell behavior has
been studied extensively and has been shown to be an important factor regulating cell
behavior on the substrate. There are several reports [72, 348, 356-359] that summarized
the different approaches used to study cell response as a function of varying stiffness of
the substrate. Pelham et al. [71] used polymer gels of different degrees of crosslinking
(and therefore stiffness) to study cell locomotion and focal adhesion of Swiss 3T3
fibroblasts. Their results showed that when cells were cultured on a less rigid substrate
(smaller elastic modulus), the spreading was reduced and the rates of motility and
lamellipodial activities were increased. Engler et al. [268] used the same approach to
study smooth muscle cells and they found that the effective spreading area of the cells
increased as the elastic modulus of the substrate increased. Nemir et al. [348] reported
that the behavior of fibroblast including spreading, actin fiber formation, cytoskeletal
organization, cell stiffness, focal adhesion size, cell growth and cell apoptosis can be
different on the substrate with its rigidity ranged from 100 Pa to 100 kPa. Hadjipanayi et
al. [360] showed that when fibroblasts were seeded on a matrix of collagen gel with
different elastic modulus from two ends, they migrated preferentially towards the stiffer
part (from 1050 kPa to 2300 kPa) after 3 and 6 days of culture. For neural stem cells, the
responsive rigidity range is even broader (100 Pa - 600 kPa) [361]. Lemmon et al. [362]
measured the traction stress exerted by the fibronectin matrix of NIH3T3 fibroblasts on
the substrate to have a maximum value of 40 kPa, which is comparable with the substrate
rigidity ranged that fibroblast is observed to response differently [348], Since we have not
quantified the mechanical properties of the PVA fibrous scaffolds used in our cell culture
studies in the media, we would not be able to quantify cell behavior in terms of fiber
stiffness. Instead, the focus will be on the effect of fiber surface modification using ion
beam as detailed in the next section of this chapter.
Although mechanical properties of the substrate influence many aspects of cell
behavior, it is no report of its effect on cell alignment. Instead, cell alignment can be
induced by mechanical strain and has been demonstrated using endothelial cell [363, 364]
and substrate topography on cardiomyoctes [365], Since we have the ability to
electrospun both random and oriented PVA fibers, in the cell culture studies on PVA
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fibers as part of this thesis, we will also be investigating the effect of the fiber orientation
on cell behavior.

5.3 Stability of Electrospun PVA Fibers in Aqueous Media
PVA is a hydrophilic polymer that readily dissolves in water. The as-spun PVA
fibrous scaffold can be completely disintegrated upon contact with water (Figure 4.6).
For biomedical applications that require the PVA fiber to be exposed to an aqueous
environment such as cell culture media, the nanofiber geometry and the porosity of the
scaffold has to be conserved.
Both physical and chemical crosslinking methods have been applied for the
stabilization of bulk PVA. Among these, the most popular method is perhaps the use of
the chemical crosslinking agent glutaraldehyde. For biomedical applications of the
resultant PVA, this approach is less than desirable as glutaraldehyde is well known to be
cytotoxic. For electrospun PVA fibers, the use of glutaraldehyde vapor [15, 16] and
methanol [55, 56, 251] have been reported. In addition to the fact that both these
chemical agents are highly toxic, the crosslinked fibers also exhibit high degree of
swelling in water and the fiber morphology is altered.
We investigated a non-chemical approach of annealing towards stabilization of
the electrospun PVA fibers. This annealing approach was investigated via a systematic
variation of two experimental parameters, namely annealing temperature and annealing
time on fiber stability. Our results (Figure 4.7 - 4.10 and 4.12) confirmed that fiber
stability in an aqueous environment was a function of annealing temperature and time.
Our results also showed that a minimum annealing temperature of 135 °C and an
annealing time of 1 hour were required to impart stability to the fibers. To provide a
safety margin, a treatment time of 4 hours at 135 °C was determined to be the condition
for PVA fiber aqueous stability. Figure 4.9 showed that using this annealing condition,
dimensional stability of the PVA fibers in water could be maintained for up to 30 days.
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In addition to the use of glutaraldehyde vapor [15, 16], and methanol [55, 56, 251]
to crosslink PVA fibers, to preserve the fiber morphology, Tang et al. [366] added
glutaraldehyde into the PVA solution to in situ crosslink the PVA before electrospinning.
Although the resulting fibers had the same morphology as the uncrosslinked PVA fibers,
the aqueous stability of the fibers was not as good as what was achieved by annealing as
shown in Figure 4.9. Moreover, since this is a non-chemical based technique, there is no
concern of cytotoxicity as compare to the case when crosslinking reagent such as
glutaraldehyde was used [367],
PVA solution can be converted into a solid hydrogel by physical crosslinking
using a low temperature thermal cycling process [58]. Stability and mechanical properties
control of the resultant hydrogel have been attributed to an increase in the polymer
crystallinity [59], In addition, for macroscopic PVA samples, thermal annealing has been
reported to increase the degree of crystallinity without changing its chemical structure
[61, 368]. Following a similar line of reasoning, the effect of thermal annealing on PVA
fiber crystallinity was investigated. Using the XRD and FTIR techniques, the degree of
crystallinity of PVA fibers as a function of annealing conditions was determined. The
results, summarized in Table 4.8, showed that there was a systematic increase in fiber
crystallinity with increasing treatment temperature up to 185 °C. The progressive
improvement of the fiber in the aqueous stability could be correlated to the increase in the
fiber crystallinity. A minimum temperature of 135 °C was required to activate the
polymer chain mobility within the fiber, which is a prerequisite for the creation of
sufficient crystallinity. On the other hand, once this temperature is reached, the time
required to achieve stability is only a function of the polymer chain mobility. A minimum
treatment of 1 hour at 135 °C was found to be sufficient to achieve aqueous stability for
PVA fibers. At a longer treatment time of 4 hours at this temperature corresponding to a
degree of crystallinity of 74 % is preferred to ensure fiber stability.
An alternative method to determine changing crystallinity as a function of
annealing conditions was also investigated. This FTIR based technique was only able to
give the relative change in crystallinity of the fibers since this is not an absolute method
and standards of know degrees of crystallinity are not available. Using the ratio of
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intensities of two well established infrared bands at 1141 cm'1 and 1425 cm'1, the
changing crystallinity as a function of annealing condition parallel to that of the XRD
technique was determined and the results are also collected in Table 4.8. A criterion for
aqueous stability of electrospun PVA fibers by annealing can be defined in terms of the
intensity alb ratio in the bands at 1141 cm"1 and 1425 cm'1 in the FTIR spectra. From
Table 4.8, it can be seen that a value of alb of 2.5 defines the boundary of fiber stability.
With the alb ratio > 2.5, the fibers become stable. This can be regarded as an alternative
criterion to that determined by XRD [293-295] or DSC [288, 369].
The annealing process not only resulted in the establishment of fiber stability in
water, there is also an associated increase in their mechanical properties as measured by
the elastic modulus of the individual fiber. Using an annealing condition of 135 °C for 4
hours, the elastic modulus of individual PVA fiber before and after the annealing process
was determined. The results are displayed in Table 4.6. The average modulus for 16
fibers was increased by about 80 % from 4.4 ±1.4 GPa to 7.6 ± 2.3 GPa. This significant
increase in the elastic moduli of the fibers can be attributed to the increase in their
crystallinity [249]. A physically crosslinked bulk PVA hydrogel system that showed
increase in elastic modulus as a function of thermal cycling has attributed this increase to
an increase in the volume fraction of the crystallites in the hydrogel as determined by
small angle neutron scattering [59]. Corresponding to an increase in fiber stiffness by
annealing, there is an average decrease of about 10 % in fiber diameter from 210 ± 30 nm
to 190 ± 30 nm. This shrinkage in size corresponds to an increase in density, and is
expected to depend on the annealing parameters in a similar fashion to the observations
by Kenney et al. [289] on PVA hydrogel.
The results described in this section will be applied to the stabilized electrospun
PVA fibers before they are modified by ion beam treatment for cell compatibility as
described in the next section of this Chapter.
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5.4 Ion Beam Modification of Electrospun PVA Fibers for Cell
Compatibility
5.4.1 Ion Beam Modification
A material with a high hydrophilic surface, such as hydrogel, inhibits cell
adhesion [5, 370, 371], PVA is a very hydrophilic material and its surface has also been
shown to inhibit cell adhesion, viability and growth [5]. To create biomaterial-tissue
hybrid based medical devices based on PVA scaffold for tissue regeneration applications
such as skin [22], ear drum [23], vascular [14], bladder [24] and nerve [25], cell
compatibility is required.
Several approaches have been demonstrated to achieve cell adhesion, viability
and growth on PVA. These include blend PVA with chitosan [8, 12-14], lipase enzyme
[15], gelatin [16, 17], starch [18] and carboxymethyl chitin [19], surface functionalization
using fibronectin [5, 7] and peptide [11], surface phosphorylation [6], surface coating
using hydroxyapatite [21] and heparinized PVA-small intestinal submucosa composite
[ 2 0 ].

Alternatively, post-processing surface chemical modification using ion beam
treatment is an attractive approach to impart cell compatibility on polymer surfaces [243],
The cell compatible properties of the treated polymer has been shown to be a function of
ion species, ion energy and ion dose. Pignataro et al [242] showed a strong improvement
on adhesion, spreading and proliferation of astrocytic cells on the surface of polyurethane,
poly(ether sulfones) after 35 keV of Ar+ treatment. Meanwhile, Satriano et al. [240] also
showed that 5 keV of Ar+ treatment significantly increased fibroblast attachment and
proliferation on poly(hydroxymethyl siloxane) surface. Using 150 keV of He+ and Ne+
treatment, Kusakabe et al. [74] found that the adhesion and spreading of endothelial cell
on polypropylene and expanded polytetrafluoroethylene were improved. Similarly,
Wertheimer et al. [75, 76] using plasma based ion beam treatment to deposit nitrogen
compounds on the surface of polyethylene and polypropylene to improve human U937
macrophages and chondrocytes cell adhesion. Ion beam treatment is therefore a very
simple, clean single-step process for improving cell compatibility of polymer surfaces.
There is no other simpler method that can match its high controllability, versatility as

141
well as flexibility to modify many different types of polymer thus motivating us to
investigate its use on the electrospun PVA fibers.
Prior to the ion beam treatment, a thermal annealing step at 135°C for four hours
was applied to PVA fibrous scaffolds to stabilize the fibrous morphology and structure in
preparation for subsequent cell culture study when they have to be exposed to cell culture
media. This thermal treatment provides the necessary aqueous stability for the scaffold to
stay intact and stick to the bottom surface of the cell culture plates since an anchored
versus an unanchored scaffold can affect cellular morphology, signaling and proliferation
[259-261],
After thermal treatment (Chapter 4, Section 4.3), the surface of the scaffolds was
modified using various doses of broad-energy N+ or He+ implantation. As the ion
polymer interaction induces an irreversible chain scission and cross-linking in the
polymer matrix, new functional groups are created as free radicals temporarily increase
the chemical reactivity [62], The amounts of amine and amide functional groups
introduced by the N+ treatment are a function of the ion dose (Figure 4.29). On the other
hand, the He+ treatment introduced carbonyl (or carboxyl) along the implantation path.
These carbonyl (C=0) based functional groups are formed in both N+ and He+ treated
PVA samples (Figure 4.28 & 4.29). Cell adhesion, viability and growth on the surface of
polymeric materials have been demonstrated to improve with the introduction of
biological adhesive molecules [372, 373], such as amide [73, 75, 374-380] and carboxyl
[381-383] groups for cells to interact through integrin [384], Successful incorporation of
similar chemical functionalities via ion beam treatment is a good indication that the
treated PVA scaffold may have improved cell compatibility.
It is very important to preserve the fiber morphology of the fibrous scaffold
during any modification in order to maintain the structural similarity of the native ECM
[36]. As shown in Figure 4.18 to 4.20, the PVA fibers exposed to the ion beam treatment
have a small diameter range from 100 to 160 nm; this size range can minimize the
variation in the ion implantation profiles that would occur for fibers at other diameters
[65]. The energy deposited by the ion beam induced irreversible effects on the structural
properties of the polymer fibers. Thus, the implantation profile must be carefully planned.
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A lpm thick Ta metal foil was placed in front of the sample to lower and broaden the
energy of the mono-energetic 1.7 Mev N+ or 520 keV He+ beam such that the
implantation depth ranges from the surface to about 900 nm (based on the SRIM
simulation result shown in Figure 3.5). In turn, ion beam treatment introduced chemical
modifications without causing any damage to the surface morphology of the PVA fibers
as shown in the SEM images in Figure 4.18 to 4.20. Contrast to our results, the use of a
mono-energetic oxygen ion beam [65] resulted in a modification that was mostly
destructive for micrometer sized polyurethane fibers. The highly localized energy
deposition from a monochromatic low energy ion beam can induce significant
carbonization [62, 66] and melting [65] at the surface of polymeric materials. Similar
irreversible surface morphological damages are also expected from using plasma-based
ion implantation systems. Although plasma-based ion implantation is frequently used to
modify the surface of a sample for particular applications, such as cell culture
applications [75, 385] and filtering membranes [386], its high rate of destructive surface
sputtering (surface erosion) [176] does not permit treatment of polymeric materials with
valuable nano-sized physical features near the surface.
There is a significant shrinkage in fiber diameter as a result of ion beam treatment
concurrent to the surface chemical modification. Figure 4.17 show that the diameter of
the fibers decreased by 27% on average after exposure to 1.2 x 1016 bE/cm2. In
comparison, the fiber diameter did not significantly change after exposure to 1.2 x 1016
He+/cm2, with the He+ beam three times less energetic than the N+beam. In Figure 4.21,
another set of fibers were treated with N+ at the same energy but with a lower dose of 8 x
1015 N+/cm2, the diameter shrinkage was reduced 11%. A lower dose in ion implantation
at a constant beam current means a shorter treatment time as well as less energy
deposited into the polymer matrix. By comparing the two N+ treatments using different
doses as well as the results from the He+ treatment, the shrinkage in fiber diameter is
depended on the ion dose or the total energy deposited by the ion beam. This is the first
time that the effect of ion beam treatment on the diameter of electrospun fibers has been
observed. As the effect on fiber diameter can be controlled by the combination of ion
beam treatment parameters, such as ion species and dose, it can be used to control the
surface porosity of a scaffold required for specific applications.
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The results shown in Figure 4.21 indicate that N+ treatment increased the overall
stiffness of the PVA fibers as a function of ion dose. The increase in the stiffness is
attributed to the creation of three-dimensional cross-linked polymer chain networks
(solubility results shown in Figure 4.24) via ion-polymer interaction and the ion-induced
annealing effect. Similar improvements as a function of ion dose on mechanical
properties of bulk polymer materials using ion beam treatment [69] have been
demonstrated, these include, polyethylene by 1 keV Ar+ [70], polycarbonate by 30 keV
N+ [387, 388]and Polyimide by 2 MeV Si+ [389]. In addition, the decrease in fiber
diameter with a concurrent increase in density (fiber diameter results shown in Figure
4.18) can then be the combined factors that led to the observed stiffness increase of the
N+ treated PVA fibers. The results shown in Figure 4.21 also indicate that for a dose
higher than 1.6 * 1016 N+/cm2, the elastic moduli of the treated fibers began to decrease.
This observation is attributed to the combination of the saturation of cross-linkable sites
in the polymer matrix and the excessive amount of polymer chain scission [62], On the
other hand, the He+ beam is less effective to create three-dimensional cross-linked
polymer chain networks due to the lower energy and being chemically inert [68, 390], In
turn, the He+ treatment did not introduce any elastic modulus improvement like N+
(Figure 4.22). This ion beam effect on the stiffness of the fibers can be used to fine-tune
the mechanical properties of the scaffold to match the tissue it is replacing.
Our approach of using ion beam treatment required a Ta foil to be an energy
diffuser to convert a high-energy mono-energetic ion beam and generate a low poly
energetic beam from a conventional ion implanter. The energy of the beam is reduced
and broadened through the collision/straggling process with the Ta atoms before a portion
of it is transmitted through the foil, providing a wide implantation zone [305] in a single
process, which in our case covers a range from the surface to 900 nm depth (theoretical
SRIM value) of a PVA fibrous scaffold. Using a mono-energetic beam, there would be a
need of multiple-energy implantation steps to achieve a similar range. Furthermore, the
ion energy deposition profile has also been extended into a wider range, minimizing
energy-related damage, particularly near the surface.
The high atomic mass of Ta can reduce, but not completely eliminate, the
probability of recoil and/or sputtering of foil atoms onto the sample. Indeed, the XPS data
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(Figure 5.3) show that the surface of hT treated PVA fibrous scaffold contained a small
amount (~1%) of Ta atoms, which cannot be ignored if the treatment is for biomaterials
application. However, Ta has long been considered a biocompatible metallic material
[391, 392], It shows cell-compatibility [393, 394] and no systemic toxicity inside body
fluids [395], It is used as a contrast agent in X-ray imaging and a material in orthopedic
implants [396-399]. The presence of Ta is not expected to diminish the potential of
applying this surface treatment technique to any suitable material for biomedical
applications.

Figure 5.3. XPS survey spectra of 2.4

x 1016 ions/cm2N+ treated PVA fibrous scaffold.

5.4.2 Cell Compatibility of Ion Beam Modified Electrospun PVA Fibers
The cell compatibility of the modified PVA scaffolds was first assessed using
primary human skin fibroblasts (hsF) based on cell adhesion, morphology and spreading
after 72 hours. Figure 4.31 showed that the control samples (annealed PVA fiber

145

scaffolds) had very few hsF attached and they were all in a rounded morphology with the
network of extensions retracted. For the hsF that rested on the fiber surface, they
appeared to adhere to each other to form clusters rather on the hydrophilic PVA fibers.
This is an indication of poor cell adhesion to the surface that is expected of highly
hydrophilic surfaces such as the PVA hydrogel [5]. In comparison, for all N+ and He+
treated scaffolds (Figure 4.32 - 4.35), the numbers of hsF attached to the surfaces had
significantly increased due to the incorporation of amide and carboxyl functional groups
(Figure 4.28 to 4.30). The hsF were flattened in either a stellate or a bipolar morphology
with well spread lamellipodia and filopodia. There were filopodia that were well
extended outward and entangled with the fiber network (Figure 5.4). The number of
filopodia can reflect the cell activity towards exploring the environment and forming new
adhesion site for motility and spreading [400, 401], Figure 5.4 shows two hsFs with
several filopodia from each cell overlapping with each other. Fibroblasts use filopodia to
communicate to each other when they encounter each other [255, 402]. All these results
indicate good cell adhesion to the PVA fiber surface in a manner similar to that of a
stressed 3D collagen matrix [259, 260],
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Figure 5.4. SEM image of hsF on a sample N4 after 72 hours of culture. It shows the
well extended filopodia toward the fibers and the other hsF.
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When the hsF were cultured on the N+ treated scaffolds with aligned PVA fibers
(N3A), (Figure 4.32 - 4.35) the hsF adopted a bipolar elongated morphology and aligned
along the fiber axis with well spread lamellipodia and filopodia similar when they were
on a surface of oriented native collagen fibers [254] and other cell compatible electrospun
aligned fibers including polyurethane [276], poly(methyl methacrylate) and poly(D,Llactic-co-glycolic acid) [127]. In some cases, such as cardiomyoctes, cell orientation and
organization on a scaffold are the important factors to maintain the native
electrophysiological and mechanical characteristics in the tissue regeneration process
[365]. And because of the scaffold being three dimensional, there were few hsF
infiltrated within the surface layer of the sample N3A (Figure 4.37). Cell infiltrations
within a 3D scaffold are important toward 3D tissue formation [403] and have been
reported in fibronectin-based matrix produced by mouse NIH-3T3 fibroblasts [257],
electrospun random poly(DL-lactide-glycolid) fibrous scaffold [22] as well as
electrospun aligned poly(L-lactide) fibrous scaffold. Overall, the amount of amide groups
introduced as a function of N+ dose did not affect the attached hsF in terms of spreading
and morphology on the PVA surface (Figure 4.33 and 4.34). Moreover, similar results
were also observed as no significant difference on the hsF spreading and morphology
between the N+ and He+ treated scaffolds (Figure 4.33 and 4.35).
After the hsF are attached and spread on the modified PVA scaffolds, they start to
grow and proliferate. As hsF grow to confluence, they can also grow on top of each other
to form multilayer at the early stage of proliferation [404] (day 3) as shown on Figure 5.5.
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Figure 5.5. CLSM image of hsF on a sample N4 after 72 hours of culture. It shows
multiple hsF grew on top of each other and form multiple layers.

At day 10, the hsF had expanded on the N4 treated random fibrous scaffolds to
form confluence. (Figure 4.40 and 4.44a & b); the confluence consists of small
independent groups orientated at random with respect to other groups and are separated
from the neighbors by narrow packing interstices [313], Similar cell orientation as a
confluent layer has also been observed on culture dish [405], microspherical poly(lactideco-glycolide) scaffold [406], electrospun gelatin/poly(s-caprolactone) scaffold [407] and
electrospun poly(DL-lactide-glycolide) scaffold [22]. In contrast, the hsF maintained the
aligned orientation and formed coherent confluences on sample N3A (Figure 4.39 and
4.45c).
In addition to having a beneficial effect on hsF adhesion and spreading, ion
implantation also has a significant effect on their proliferation on PVA fibers. The
proliferation results showed that on day 1 (Figure 4.39 & 4.41), the average cell density
of all ion beam treated samples were in the range of 5,000 - 7,500 cells/cm while the
control samples had -800 cells/cm . From here on, the cell density increased
continuously for both the N+ and He+ treated samples for up to 10 days while the control
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remains unchanged. Among the N+ treated samples using different ion dosages, there is
not a clear cut trend of the cell proliferation rate as a function of N+ dosage. Among the
four randomly oriented PVA fiber samples, the nitrogen dose increased from 2.5 * 1014
ions/cm2 (Nl) and 8.0 * 1015 ions/cm2 (N4), this 32 fold increase in ion dosage resulted in
a significant increase in cell count of 15,000 versus 20,000 cells/cm2 (day 4) and 24,000
versus 29,000 cells/cm2 (day 10). There is no clear trend for the intermediate ion dosages
(N2 and N3). The differences in the nitrogen dose between sample Nl and N2 or N3 and
N4 are not large enough to allow a significant difference in the cell number to be
observed. Although this ion dose dependent effect has been reported in different polymer
systems with different ion species [74, 238, 239], our results suggest that a wider range of
ion dose (e.g. 1013 to 1016 ions/cm2) should be applied [74, 242] in order to obtain a
clearer and broader trend of cell adhesion and proliferation as a function of ion dose on
PVA fibers. This N+ dose dependent cell growth is a reflection of increasing density of
nitrogen functionalities such as amide and amine on the PVA fiber surface. These are
binding sites for hsF to adhere to. A higher nitrogen density on the PVA fiber surface
provides an increase in the number of sites for the hsF to adhere to thus stimulating an
increase in proliferation rate.
The N4 treated aligned fibrous scaffolds (N3A) gave the highest cell number at
day 10 (32,000 cells/cm2) including the randomly oriented scaffold (N4) which was
treated with two times more N+ dose at the end of day 10 (Figure 4.41). Several groups
have demonstrated that the aligned surface topology can promote a cell number due to
cell-cell interaction and cell-matrix interactions, such as bone marrow stromal cells on
aligned silk fibroin electrospun fibers [314] and coronary artery smooth muscle cells on
aligned poly(L-lactid-co-e-caprolactone) electrospun fibers [45]. Our result is the first
demonstration of this effect on the hydrophilic PVA fibers.
The He+ treated PVA fiber mat (He3) also showed satisfactory cell adhesion and
proliferation properties. However, the cell number (5,500 (day 1) to 12,000 (day 4) to
19,000 (day 10) cells/cm2) is much lower than the N+ treated sample N3 (7,500 to 20,000
to 25,000 cells/mm2) with the same ion dose (Figure 4.41). Since He+ treatment only lead
to the introduction of carboxyl groups to the PVA fiber surface, this indicates the
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preference of hsF for interaction with amide and amine groups which are present in
proteins and peptides [73],
All these results indicate that it is possible to create a PVA scaffold consisted of
electrospun nanofibers with aqueous stability and cell compatibility, through a two steps
of carefully developed post-processing treatments: thermal annealing and ion beam
implantation. It is providing a first step towards an alternative for the realization of skin
and tympanic membrane regeneration.
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Chapter 6 Conclusions & Future Work
6.1 Conclusions
PVA is a widely used biocompatible material with poor cell compatibility. In our
quest for the creation of biomaterial-tissue hybrid to improve the medical device - tissue
interface of the next generation medical implants, we investigated the possibility of using
PVA in the nanofiber form for PVA-tissue hybrid development. This involves the
spinning of PVA nanofibers in the form of random and oriented fiber mats, the
stabilization of these mats in aqueous solutions and modification of the fiber surface for
cell compatibility.
The electrospinning technique was used to produce fibers and nonwoven fibrous
scaffolds consisting of nanometer (< 500 nm) sized fibers from PVA. Scaffolds with
aligned fibers were also collected using a rotating mandrel. Fibrous scaffolds are
considered to be more suitable for tissue regeneration applications because they mimic
the fibrous structure of the native ECM and provide a highly interconnected porous
structure with high surface area to volume ratio. A wide range of parameters in
electrospinning can affect the formation, final diameters and morphology of fibers
produced. To obtain consistent bead-free fibers in the diameter range of 100 to 500 nm,
three parameters were investigated: polymer solution concentration, applied voltage and
tip-to-collector distance. Fiber diameters were found to increase as the polymer
concentration and applied voltage increased, while an opposite trend in fiber diameter
was observed as the tip-to-collector distance increased.
A high temperature annealing process was developed to improve the aqueous
stability of the PVA fibrous scaffold. Annealing for 4 hours at 135 °C was found to
impart long term (30 days) aqueous stability to the PVA fibers. Using the FTIR
techniques, it was determined that annealing increased the crystallinity which resulted in
inrcreased aqueous stability of the fiber. Aqueous stability can be defined by the ratio alb
of the FTIR band intensity at 1141 cm'1 and 1425 cm'1. A value of alb > 2.5 defined fiber
stability in water. This level of crystallinity can be achieved by annealing at 135 °C for 4
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hours. This thermal treatment method is simple and is particularly useful when these
fibers are being considered for application in an aqueous environment such as membrane
filter or tissue scaffold.
To impart cell compatibility properties to the thermally annealed PVA fibers, a
second post-processing treatment was applied using ion implantation with a broad energy
range ion beam. Nitrogen and helium ions were implanted onto the surface of the PVA
scaffold under controlled conditions; key chemical modifications were achieved with the
introduction of amide and carboxyl functional groups using N+ beam without alteration of
the fiber morphology. A reduction of fiber diameter as a function of ion dose was also
observed. Treatment with the less energetic and chemically inert He+ beam resulted in
chemical rearrangement leading to the formation of carboxyl groups without altering the
fiber diameter. A side benefit of ion beam treatment was an increase in fiber stability in
water.
Elastic modulus of individual PVA fiber was determined using a multi-point
bending method by AFM. Elastic moduli of as-spun fibers exhibited size dependence.
There was a significant increase from the PVA bulk modulus at fiber diameters of less
than 300 nm. This effect will play an important role in the engineering of the mechanical
properties of a scaffold. Significant changes in the elastic modulus of the annealed and
ion beam modified PVA fibers were also observed. Thermal treatment for 4 hours at
135°C resulted in an average of 80 % increase in the elastic modulus of the fibers. Also,
N+ treatment at an ion dose of 8.0 * 1015 ions/cm2 led to an average of 30 % increase in
the fiber elastic modulus. The effect of N+ treatments on elastic modulus is dosage
dependent while treatment with He+ at 8.0 x 1015 ions/cm2 dose showed an opposite trend
of 63 % decrease in the elastic modulus.
In vitro cell compatibility assessment of the stabilized and ion beam modified
electrospun PVA fibrous scaffold was carried out using hsF and the as spun but stabilized
PVA fiber mats as control. The introduction of amide/amine and carboxyl groups which
are also present in proteins and peptides in many of the ECM proteins using the N+ beam,
good adhesion, spreading and proliferation of the hsFs have been demonstrated. The
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proliferation rate was found to be a function of the N+ dose. Increasing N+ does resulted
in higher proliferation rate. Aligned PVA fibers treated with FT beam induced the hsF
into a bipolar morphology with the cells aligned along the axis of the fiber. A higher
proliferation rate was also observed. The hsF not only populated the surface of the
scaffold, they also infiltrated into the 3D aligned structure of the scaffold. He+ treatment
only introduced carboxyl groups into the PVA fibers. While this treatment approach also
promoted hsF adhesion, spreading and proliferation, the effect was significantly less than
that of the N+ treatment.
The results reported in this study demonstrated that it is possible to produce nice,
uniform PVA fiber of < 500 nm in diameter by electrospinning. Using a combination of
two post-processing treatments of thermal annealing and ion implantation, cellcompatible PVA fibrous scaffold can be created. The results of this thesis represent a
significant step towards the design and creation of PVA fiber based biomaterial-tissue
hybrid for the next generation of implantable medical devices and for tissue regeneration
applications.

6.2 Future Work
For polymer fiber production by electrospinning, it is important to obtain a
comprehensive understanding of the effect of every spinning parameter on fiber
morphology and fiber diameter. In the future, it will be necessary to extend the study to
other electrospinning parameters such as solution temperature, polymer molecular weight
and ionic strength. The response surface methodology [297, 298, 339, 340] can be
employed to study and optimize the effect of processing parameters on fiber morphology
and fiber diameter.
Since tissue possesses highly organized structure, it is necessary to have the
structure of the PVA fibrous scaffold closely parallel that of the tissue it is replacing. For
most tissues, such as the tympanic membrane, the fibrous structure of the ECM consisted
of collagen fibers arranged in multiple, organized orientations (radial, parabolic, circular
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and oblique) [345]. Therefore, a simple rotating mandrel can no longer satisfy the
multiple orientations requirement. A new collector electrode that is capable of collecting
aligned fibers in multiple orientations will be needed and should be designed and built for
tissue regeneration applications.
A major hurdle toward potential commercialization of electrospun fibrous
scaffold is the lack of a large scale production technique. Most of the works on
electrospun fibers are performed using a conventional experimental set-up that can
produce one fiber at a time using a single nozzle process. A multiple-nozzle approach
should be investigated to significantly increase the production rate.
In this study, the elastic modulus of the PVA fibers was found to exhibit a sizedependent effect. This effect has also been reported for other polymer systems although
the onset of size dependence varies among polymers [172-174, 208]. The suparmolecular
structure model proposed [174] consisted of oriented amorphous phases of the polymer
chains to account for the size-dependent effect. Small angle neutron or X-ray scattering
experiments should be used to validate the structure in the fibers.
PVA shows a plasticization effect from the absorbed water and the elastic
modulus of PVA fibers is a function of humidity. For both in vivo or in vitro studies, it is
necessary to obtain the stiffness of the stabilized PVA fibers in fluid (PBS or cell culture
media) so that the substrate mechanical properties on cell behavior may be quantified.
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Derivation of Equations - Clamped Beam Model
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y t " ( a ) = y 2 "(a) —> 6 a ia + 2 b ] -

6 a 2a - b 2 = 0

For generai case:
y x( x ) = a , x 3 + bxx 2
y 2( x ) = a 2x l + b 2x 2 + c 2x + d 2

Conditions:
(1) y 2( L ) = 0
a 2L 3 4- b 2l S +

c 2L +

d2= 0

(2) y 2 ' ( L ) = 0
3 a 2L~ + 2 b2L + c 2 = 0

(3)

y t (ci) = y 2( a )
a. a

(4)

3

,

,

+ b.a

2

b 2a~

c^a

d2 = 0

y t ' ( a ) = y 2 '( a)
3 a ìa* + 2 b ia — 3 a 2a~ —2 b ^ a —c 2 = 0

(5) r._ = 0
- a N , -EIy"(0)+EIy"(a) = 0
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-N,+EI(6a,) = 0

(6) r o+ = 0
(L-a)N 2+EIy"(L)-EIy"(a) = 0
N 2+ E I ( 6 a 2) = 0

(7)

=0
( L- a) N 2-aN,+El[y"(L)-y"(a)] = 0
( L- a ) N 2- a N , + E I ( 6 a 2L + 2 b 2-2b,) = 0

( 8)
N ,+N 2 = F

Using matrix (solve it using Maple)
r o

0
3

0

L3

0

3L2

2

3

L2
2L
2

L

1

0

0

1

0

0

0

-a

-1

0

0

0

a

1 3q2

2a

-3a2

-2 a

-1

0

0

0

6E1

0

0

0

0

0

-1

0

0

0

6 El

0

0

0

0

1

0

-2E1

6EIL

2El

0

0

-a

L —a

0

0

0

0

0

1

i

L 0

-a

-a

! M

r o ii
i

0

b‘

10 1

!

1

b>

1

l°l

0
II

d 2

N‘

JL^J

1 10 1
10 1
lF l

I F

J

2

3

--------- —( 2 a s — 3 L a ' + L )
6 EIL3
1

aF
—( a

—2 aL + L )

2 EIL

r«,i

1 a F
(2a-3L )

b

6 EIL3
1 a :F
-(a - 2L )
2 EIL

e

1 a F
2

El

I a 3F

N

6

L*d

El

F
3
2
3
— ( 2 a 3 - 3 a 2L + L 3 )
a 2F
-( 2 a —3 L )

Therefore:

r1

F

3

_y, ( jc) = | -------- —( 2« - 3 L a
6 EIL
, ,

y,(* )

,

F(L-a)

1

3

r 1

aF

2

2

2 EIL
,

2

--------— ------- - x 3 - a ( L - a ) x 2
3L

y^a) = ------- —
2 EIL2

3

— ( L 2 + a L - 2 a 2) - a 3 ( L - a )
3L

F ( L —a ) a r 2
2
i
y ( a ) = — ------ 2 — I L 2 + a L - 2a*) - 3 L ( L - a ) ]
6EIL3
L
J

y^a) =

1

+ L ) j j r + |^----------- - ( a - 2 a L + L ) \ x

(L + aL - 2a )

F(L-a)

= ------- —
2 EIL2

,

2

F (L —a)a

(-2L

2

+ 4aL - 2a')

6EIL3

y.(a) = S (a ) = -

F

[a(L-a)~\

3EI [

L

For a=L/2 (at the centre of the fiber):
F

* (-) =

L

L

2

2

3El

L

F

( L 3 '\

2

3E1

7,(—) = -------—

64

FZ,

L

* ( -2) = -

19 2 E I

Relate to the AFM force curve measurement:
0 - zo) = ( y - y 0) - s (a)
,

,

,

,

k (y -y

( z - z 0) = ( y ~ y 0) + —

(y-y

)\a (L -a )~ \

— — ^
3F7

L

(z ~ zo)

0) =
1+

k

fa(Z ,-o)l

3F7 L

L

Slope of the force curve:
1

dy
dz

k

[ a ( L - a )-\

+ 3EIL

L

Z,

J
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